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INTRODUCTION 


The  primary  focus  of  this  award  is  to  support  the  development  of  the  Owensboro 
Cancer  Research  Program  (OCRP).  The  major  goal  of  the  OCRP  is  to  become  the 
premier  academic  research  enterprise  in  the  world  that  combines  the  field  of  plant-made 
pharmaceuticals  with  the  prevention  and  treatment  of  cancer  and  infectious  disease. 
The  OCRP  currently  includes  four  principal  investigators  who  are  full-time  faculty 
members  in  the  University  of  Louisville  School  of  Medicine.  The  award  funds  are  being 
utilized  to  support  specific  research  projects  within  each  faculty  member’s  laboratory. 
These  research  projects  include  the  development  of  the  soybean  peptide  lunasin  as  a 
chemoprevention  agent  and  cancer  therapeutic;  the  development  of  the  antiviral 
proteins  griffithsin  and  actinohivin;  and  functional  analysis  of  specific  genes  important 
for  embryonic  stem  cell  development  and  differentiation  into  neuronal  stem  cells.  In 
addition  to  specific  research  outcomes  derived  from  these  projects,  other  project 
milestones  include  specific  objectives  that  represent  the  successful  establishment  of 
this  new  program.  These  objectives  include  the  recruitment  of  additional  faculty;  the 
establishment  of  a  solid  base  of  competitive  grants;  the  development  of  novel 
therapeutics;  and  the  establishment  of  research  collaborations  with  other  academic 
laboratories  and  industry  partners. 

BODY 

Research  Accomplishments 

Faculty  members  at  the  OCRP  have  diverse  research  interests  that  are  linked  by  the 
use  of  plant-based  expression  systems  for  translational  research.  The  funds  from  this 
award  are  being  used  to  expand  these  research  programs  and  to  support  new  pilot 
projects.  The  specific  research  projects  that  have  been  supported  by  this  award  to  date 
are  in  the  areas  of  developing  a  new  cancer  therapeutic,  several  projects  on  the 
development  of  antiviral  proteins  for  the  prevention  and  treatment  of  major  viral 
diseases,  and  the  identification  of  key  regulatory  genes  that  affect  the  differentiation  of 
embryonic  stem  cells  into  neuronal  stems  cells.  The  results  obtained  during  the  first  of 
year  of  funding  are  summarized  in  the  following  sections. 

Development  of  Lunasin  as  a  Chemoprevention  Agent  (Dr.  Keith  R.  Davis) 

Lunasin  is  a  small  peptide  consisting  of  43  amino  acids  with  a  C-terminal  end  of  nine 
consecutive  aspartic  acid  residues.  Lunasin  was  originally  isolated  from  soybean  but 
has  been  found  in  a  variety  of  plant  species  at  relatively  low  levels.  Initial  studies 
demonstrated  that  lunasin  can  prevent  the  transformation  of  mammalian  cells  by 
chemical  carcinogens  or  viral  oncogenes;  however,  lunasin  has  little  effect  on  normal  or 
established  cancer  cell  lines.  This  chemopreventive  effect  on  cells  undergoing  a 
transformation  event  is  thought  to  be  mediated  by  the  disruption  of  mitosis  and  induction 
of  apoptosis.  More  recent  studies  suggest  that  lunasin  binds  to  deacetylated  core 
histones  and  exerts  its  effects  via  an  epigenetic  mechanism  that  disrupts  the  normal 
dynamics  of  histone  acetylation-deacetylation.  Although  the  potential  cancer- 
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chemopreventive  activity  has  been  known  for  almost  a  decade,  little  progress  has  been 
made  to  demonstrate  clinical  relevance.  Attempts  to  express  lunasin  in  E.  coli,  yeast, 
and  animal  cells  have  been  unsuccessful,  thus  limiting  studies  to  quantities  of  lunasin 
that  can  be  synthesized  or  purified  from  natural  sources.  The  major  goals  of  this  project 
are  to  develop  robust  methods  for  the  purification  of  native  lunasin  from  soybean, 
develop  methods  for  producing  modified  recombinant  forms  of  lunasin,  and  the 
development  of  lunasin  as  a  chemoprevention  agent  and/or  cancer  therapeutic. 
Significant  progress  has  been  made  in  all  three  of  these  research  areas. 

Purification  of  Lunasin  from  Soybean 

Most  of  our  effort  has  been  directed  towards  this  critical  goal  and  it  has  now  been 
successfully  completed.  We  have  developed  a  robust  purification  method  based  on 
using  white  flake,  (the  crude  protein  preparation  remaining  after  oil  removal  and 
extraction  with  hexane)  as  the  starting  material.  An  overview  of  this  method  is  shown  in 
Figure  1 .  The  major  steps  of  the  method  are  as  follows.  White  flake  is  suspended  in  12 
volumes  of  PBS  (58.5  mM  Na2HP04,  17  mM  NaH2P04,  68.4  mM  NaCI,  20  mM 
ascorbic  acid,  10  mM  sodium  metabisulfite)  and  stirred 
for  two  hours  at  room  temperature.  The 
resulting  extract  is  clarified  using  a  filter 
press  to  remove  all  the  particulates.  The 
clarified  extract  is  subjected  to  anion- 
exchange  chromatography  on  a  Q 
Sepharose  FF  column  (GE  Healthcare) 
using  a  linear  NaCI  gradient  up  to  1  M 
NaCI.  Free  lunasin  and  the  lunasin 
complex  elute  from  the  column  at  ~  0.35  M 
NaCI.  The  lunasin  containing  fractions  are 
pooled  and  subjected  to  ultrafiltration  with  a 
30  kD  MWCO  membrane.  Lunasin  is 
present  in  the  permeate.  The  permeate  is 
concentrated  and  desalted  by  UF/DF.  The 
concentrated  permeate  is  brought  to  2  mM 
DTT  to  reduce  the  lunasin  complex  and 
generate  free  lunasin.  The  reduced 
permeate  is  brought  to  1  M  ammonium 
sulfate  and  subjected  to  hydrophobic 
chromatography  using  a  Butyl  FF  column 
(GE  Healthcare).  Lunasin  passes  through 
the  column  and  is  collected  in  the  flow 
through.  The  flow  through  is  then  subjected 
to  reverse  phase  chromatography  using  a 
Resource  15  RPC  column  (GE  Healthcare). 

Lunasin  elutes  from  the  column  at  15%  n-propanol.  The  lunasin-containing  fractions 
are  pooled  and  subjected  to  UF/DF  to  concentrate  and  exchange  the  elution  buffer  with 
PBS.  The  resulting  purified  lunasin  is  filter-sterilized,  aliquoted,  and  stored  at  -20 
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Figure  1.  Summary  of  lunasin  purification 
method.  The  major  steps  are  shown  in  the  flow 
diagram.  Coomassie-stained  denaturing  SDS- 
PAGE  gels  are  shown  for  the  lunasin-containing 
preparations  obtained  after  ion-exchange 
chromatography  and  ultrafiltration  (A)  and  after 
reverse  phase  chromatography  (B).  The  red 
arrows  indicate  the  protein  band  corresponding 
to  lunasin. 
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degrees  C  until  used.  Based  on  analysis  of  sodium  dodecyl  sulfate  polyacrylamide  gel 
electrophoresis  (SDS  PAGE)  gels,  this  method  yields  lunasin  at  >98%  purity. 

A  key  discovery  made  during  the  development  of  this  method  was  that  the  majority 
of  lunasin  present  in  the  crude  extract  is  present  in  a  protein  complex  that  must  be 
disrupted  using  a  reducing  agent  such  as  DTT.  Including  the  reducing  step  significantly 
increases  the  yield  of  lunasin.  Preliminary  pilot-scale  purifications  of  lunasin  using  the 
new  method  have  been  completed  with  Kentucky  BioProcessing  (KBP,  Owensboro,  KY) 
to  yield  gram  quantities  of  purified  lunasin.  These  results  demonstrate  that  the  method 
can  be  used  for  commercial  scale  production  of  lunasin.  This  represents  a  major 
breakthrough  for  the  development  of  lunasin-based  products. 


Transient  Expression  of  Recombinant  Lunasin 


Previous  studies  demonstrated  that  lunasin  cannot  be  expressed  in  prokaryotic  or 
eukaryotic  expression  systems  at  levels  required  for  product  development  or 
commercialization.  This  is  likely  due  to  the  ability  of  lunasin  to  block  mitosis.  We  have 
demonstrated  that  a  tobacco  mosaic  virus  (TMV)-based  vector  (GENEWARE®)  can  be 
used  to  express  high  levels  of  a  GFP-lunasin  fusion  and  for  the  first  time,  have 
established  an  expression  system  that  has  the  potential  to  produce  commercial-scale 
quantities  of  lunasin  or  modified  forms  of  lunasin.  This  is  a  major  development  since  this 
technology  will  provide  a  method  for  producing  modified  forms  of  lunasin  that  target 
specific  cancer  cells  and/or  have  an  increased  ability  to  induce  cancer  cell  death. 


Figure  2.  Expression  of  GFP-lunasin  fusion  in 
tobacco  plants.  Coomassie-stained  SDS-PAGE  gel 
(Panel  A)  and  corresponding  Western  blot  probed 
with  a  lunasin  antibody  (Panel  B):  crude  extract  (E), 
clarified  extract  (CE),  ion-exchange  chromatography 
purified  fractions  (IEC),  and  hydrophobic 
chromatography  purified  fractions  (HIC).  Synthetic 
lunasin  was  included  as  a  control. 


Figure  3.  Release  of  lunasin  from  GFP- 
lunasin  fusion  by  thrombin  cleavage. 

Coomassie-stained  SDS-PAGE  gel  (Panel 
A)  and  corresponding  Western  blot  probed 
with  a  lunasin  antibody  (Panel  B):  Lane  M, 
molecular  weight  standards;  Lane  1,  IEC- 
purified  GFP-lunasin;  Lane  2,  lEC-purified 
GFP-lunasin  treated  with  thrombin.  The 
green  boxes  indicate  the  location  of  the 
GFP-lunasin  fusion  and  the  red  boxes 
indicate  the  location  of  the  released 
lunasin. 
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Our  strategy  is  to  generate  a  GFP-lunasin  fusion  protein  that  includes  a  linker 
between  the  GFP  and  lunasin  components  that  contains  a  protease  (thrombin)  cleavage 
site.  Thus,  lunasin  (or  modified  forms  of  lunasin)  can  be  released  by  protease  digestion 
and  purified  using  our  established  methods  for  purifying  native  lunasin  from  white  flake. 
Figure  2  demonstrates  our  ability  to  express  and  partially  purify  a  GFP-lunasin  fusion  in 
tobacco  plants.  The  expression  levels  are  very  good  (-580  mg  fusion  per  kg  fresh 
weight  plant  tissue)  and  are  suitable  for  commercial-scale  production.  Figure  3 
demonstrates  that  cleavage  of  the  fusion  with  thrombin  releases  lunasin.  Approximately 
90%  of  the  fusion  was  cleaved  and  generated  free  GFP  and  lunasin.  This  result 
demonstrates  that  our  strategy  worked  as  planned  and  provides  a  method  for  producing 
modified  forms  of  lunasin.  This  technology  will  allow  the  production  of  more  efficacious 
forms  of  lunasin  as  cancer  therapeutics.  Our  current  efforts  are  aimed  at  completing  the 
development  of  a  method  for  purifying  the  GFP-lunasin  fusion  and  to  increase  the 
efficiency  of  lunasin  release  by  thrombin. 

Development  of  Lunasin  as  a  Chemoprevention  Agent  and  Cancer  Therapeutic 

The  primary  objective  of  this  aim  was  to  confirm  the  anticancer  activity  of  lunasin.  Our 
preliminary  experiments  tested  whether  lunasin  could  prevent  transformation  of 
C3H/10T1/2  cells  by  treatment  with  a  chemical  carcinogen,  7,12- 
dimethylbenz[a]anthracene  (DMBA).  These  studies  verified  the  ability  of  lunasin  to 
inhibit  cellular  transformation  by  DMBA.  During  the  course  of  these  studies,  we  also 
treated  several  established  cancer  cell  lines  with  lunasin.  Based  on  previous  studies, 
we  did  not  expect  to  see  an  effect.  However,  we  observed  that  one  cancer  cell  line 
exhibited  significantly  decreased  growth  after  lunasin  treatment,  suggesting  that  the 
previously  published  conclusion  that  lunasin  did  not  affect  established  cancer  cell  lines 
was  incorrect.  Based  on  this  result,  we  focused  our  efforts  on  screening  more  cancer 
cell  lines  to  see  if  we  could  identify  additional  cell  lines  that  were  sensitive  to  lunasin. 

For  these  experiments,  a  panel  of  cancer  cell  lines  was  collected  from  colleagues  or 
purchased  from  the  American  Type  Culture  Collection.  Cells  were  grown  in  the 
appropriate  medium  and  treated  with  1-100  pM  lunasin  for  48  hours.  Cell  viability  was 
assessed  daily  using  a  standard  [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy- 
phenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium  (MTS)  assay  (Promega).  Table  1 
summarizes  the  results  to  date.  Of  the  seven  lines  tested,  three  exhibited  significant 
sensitivity  to  lunasin  treatment  (H661,  SW948,  and  WM115).  The  non-small  cell  lung 
cancer  cell  line  H661  was  the  most  sensitive,  exhibiting  a  77%  reduction  in  viability  after 
exposure  to  100  pM  lunasin  for  48  hours.  A  graphical  comparison  of  the  effects  of 
lunasin  on  the  two  most  sensitive  cell  lines  to  an  insensitive  line  is  shown  in  Figure  4. 
These  results  clearly  demonstrate  that  lunasin  can  induce  cell  death  in  specific  cancer 
cell  lines. 
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Cell  Viability  (%  Control)  3 

24  hours 

48  hours  | 

1  pM 

10  pM 

100  pM 

1  pM 

10  pM 

100  pM 

H661 

66.15 

37.34 

26.19 

65.72 

42.44 

22.59 

HI  299 

97.39 

97.79 

- 

94.85 

94.57 

- 

A549 

100.23 

102.48 

102.14 

100.66 

93.76 

85.80 

SW948 

97.95 

86.96 

67.63 

72.49 

67.63 

62.33  ! 

SKBR3 

95.67 

99.28 

99.23 

99.92 

97.88 

101.72 

A431 

97.29 

97.24 

- 

95.70 

89.73 

- 

WM115 

86.75 

83.18 

- 

66.85 

61.86 

- 

Table  1.  Effect  of  lunasin  on  cancer  cell  viability.  Cells  were  treated  with  the  indicated 
concentrations  of  lunasin  and  cell  viability  determined  using  a  MTS  assay.  Cell  viability  was 
calculated  as  follows:  %  Viability  =  Abs  treatment/Abs  untreated  control  *100%.  Cell  lines 
tested:  H661,  non-small  cell  lung  cancer;  H1299,  non-small  cell  lung  cancer;  A549,  non-small 
cell  lung  cancer;  SW948,  adenocarcinoma,  colorectal  origin;  SKBR3,  adenocarcinoma, 
mammary  gland  origin;  A431,  epidermoid  carcinoma;  WM1 15,  melanoma. 
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Figure  4.  Effect  of  lunasin  on  cancer  cell  viability.  Cells  were  cultured  in  the  presence  of 
1  uM  (|  | ),  10  uM  (j  |),  or  100  uM  ( I  I)  lunasin  for  24  and  48  hours,  while  control 

cells  (^B)  were  treated  with  vehicle  only.  Cell  viability  was  determined  using  the  standard 
MTS  assay.  The  data  shown  are  the  mean  +  std.  deviation  of  3  replicate  treatments. 

H661,  non-small  cell  lung  cancer;  SW948,  adeno-carcinoma,  colorectal  origin;  SKBR3, 
adenocarcinoma,  mammary  gland  origin. 


Our  results  are  consistent  with  recent  studies  that  were  published  during  the  course  of 
our  studies  that  lunasin  induces  cell  death  in  human  breast  cancer  and  leukemia  cells. 
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Taken  together,  these  studies  demonstrate  that  there  is  the  potential  to  develop  lunasin 
into  a  cancer  therapeutic  for  the  treatment  of  specific  cancer  types.  It  remains  an  open 
question  as  to  why  only  specific  cancer  cells  are  sensitive.  Additional  studies  on  the 
mode  of  action  of  lunasin  are  needed  to  address  this  important  question. 

Development  of  Antiviral  Proteins  as  Microbicides  (Dr.  Kenneth  Palmer) 

This  project  represents  an  ongoing  research  program  that  Dr.  Palmer  established 
several  years  ago  to  develop  uses  for  the  algal-derived  antiviral  lectin,  griffithsin  (GRFT) 
as  a  preventive  agent  for  HIV.  GRFT  is  a  lectin  that  binds  specifically  to  clusters  of  high 
mannose  glycans  on  the  surface  of  many  virus  particles,  frequently  resulting  in 
irreversible  inactivation  of  the  virus.  We  have  developed  a  method  to  manufacture  large 
quantities  of  the  potent  antiviral  protein  griffithsin  (GRFT)  in  Nicotiana  plants  using  a 
TMV-derived  gene  vector.  Funds  from  the  current  award  have  been  used  to 
supplement  other  awards  to  pursue  specific  pilot  projects  related  to  expanding  the  use 
of  GRFT  as  an  antiviral  agent. 

Activity  of  GRFT  against  Viral  Pathogens 

Given  that  a  number  of  important  pathogenic  viruses  have  envelopes  containing 
high-mannose  clusters,  GRFT  was  tested  against  several  other  viral  pathogens.  We 
found  that  GRFT  effectively  inactivates  SARS  Coronavirus  (SARS  CoV)  and  protects 
animals  against  challenge  with  SARS-CoV  as  well  as  Ebola  filovirus  and  highly 
pathogenic  avian  influenza.  We  evaluated  antiviral  activity  of  GRFT  against  a  panel  of 
emerging  human  and  veterinary  coronavirus  pathogens,  and  established  that  GRFT  has 
potent  and  broad-spectrum  activity  against  all  of  the  coronaviruses  tested  except  mouse 
hepatitis  virus.  Consequently,  we  believe  that  GRFT  is  an  interesting  candidate  drug  for 
broad-spectrum  antiviral  prophylaxis  against  emerging  viral  pathogens  as  well  as 
pathogens  of  strategic  importance  for  biodefense.  The  results  of  these  studies  are 
presented  in  a  recent  publication  (O’Keefe  et  al.,  2010)  provided  in  the  Appendix. 
Future  research  will  be  focused  on  understanding  the  pharmacology  and  toxicology  of 
GRFT  formulated  for  administration  via  mucosal  and  parenteral  routes,  with  the  ultimate 
goal  of  evaluating  its  antiviral  efficacy  in  animal  models  of  coronavirus  and  filovirus 
infection. 

Coupling  of  GRFT  to  a  Solid  Support 

We  have  been  evaluating  the  utility  of  antiviral  lectin  Griffithsin  (GRFT)  as  a  vaginal 
microbicide,  and  broad-spectrum  antiviral.  One  key  safety  concern  is  whether  GRFT 
binds  non-specifically  to  host  proteins,  and  if  so  what  consequence  the  off-target 
binding  has  on  the  pharmacological  and  toxicological  profile  of  GRFT-based  drug 
candidates.  We  successfully  coupled  GRFT  to  Tosyl-  and  epoxy-activated  magnetic 
beads  and  showed  that  GRFT  coupled  beads  could  extract  HIV  gpl 20,  a  model  high 
mannose-bearing  glycoprotein,  from  complex  mixtures.  These  data  show  that  GRFT 
may  be  coupled  to  a  solid  support  without  losing  its  lectin  activity  and  that  the  magnetic 
beads  have  utility  in  both  identifying  “off-target”  activity  of  GRFT.  This  discovery  also 
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provides  an  opportunity  to  develop  new  products  that  potentially  can  be  used  for 
removing  viruses  from  biological  sources,  such  as  blood. 

Expression  of  the  Antiviral  Lectin  MVL  in  Nicotiana  benthamiana 

A  number  of  potentially  antiviral  lectins  are  produced  by  algae.  We  have  begun  to 
develop  the  potent  antiviral  lectin  molecule  (MVL)  from  blue-green  alga  Microcystis 
viridis  to  complement  our  studies  using  GRFT.  It  is  possible  that  MVL  will  have  a 
different  activity  spectrum  than  GRFT  and  that  a  combination  of  MVL  and  GRFT  will  be 
more  potent  than  either  lectin  alone.  Our  studies  to  date  have  focused  on  determining 
whether  MVL  can  be  transiently  expressed  in  tobacco.  We  have  now  cloned  MVL  into  a 
recombinant  TMV-based  vector  and  have  successfully  expressed  MVL  in  tobacco. 


Figure  5:  ESI-TOF  Spectrum  Confirms  MVL  Identity 


Nicotiana  benthamiana  seedlings  were  inoculated  with  RNA  transcripts  of  the 
rTMV::MVL  construct.  Within  7  days,  N.  benthamiana  plants  expressed  very  high  levels 
of  the  MVL  target  protein.  MVL  could  be  extracted  from  N.  benthamiana  plants  under 
acidic  conditions  (pH  4)  and  could  be  purified  using  a  single  chromatographic  step  using 
SP-sepharose.  Product  identity  was  verified  using  electrospray  time  of  flight  mass 
spectrometry  methods  (ESI-TOF;  Figure  5).  We  have  developed  a  microtiter  plate- 
based  HIV  gp120  binding  assay  and  showed  that  the  MVL  product  could  competes  with 
other  antiviral  lectins,  griffithsin  (GRFT)  and  cyanovirin-N  (CV-N)  for  similar  binding 
sites.  We  are  expanding  this  assay  to  determine  MVL’s  binding  affinity  for  influenza 
hemagglutinin.  We  obtained  HIV  inhibition  data  for  MVL  using  an  in  vitro  HIV 
pseudovirus  infection  system,  which  showed  an  IC50  (50%  infection  inhibition 
concentration)  of  approximately  33  nM. 
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Actinohivin  and  HIV  (Dr.  Nobuyuki  Matoba) 

The  12.5  KDa  protein  actinohivin  is  a  type  of  lectin  with  a  potent  affinity  to  the  glycan 
moiety  of  HIV  gp120.  This  specific  binding  allows  the  protein  to  neutralize  various 
primary  HIV-1  isolates  and  HIV-2  viruses  in  the  nanomolar  range.  A  comprehensive 
binding  study  has  shown  that  actinohivin,  unlike  many  other  anti-HIV  lectins  exemplified 
by  cyanovirin-N,  exclusively  binds  to  a  dense  cluster  of  high-mannose  glycans  present 
on  HIV  and  other  viruses  but  not  to  other  types  of  carbohydrate  molecules.  Because 
high-mannose  clusters  are  not  usually  found  in  endogenous  human  proteins,  actinohivin 
may  have  substantially  fewer  negative  side  effects  upon  topical  application  than  other 
lectin  microbicide  candidates.  The  major  goal  of  the  current  project  is  to  utilize  plant- 
based  expression  systems  to  produce  actinohivin  and  to  develop  modified  recombinant 
forms  of  actinohivin  (rAH)  that  show  improved  capabilities  of  neutralizing  HIV  and 
potentially  other  enveloped  viruses  with  high  mannose  glycans. 

Summary  of  Major  Accomplishments 

Significant  progress  has  been  made  in  expressing  rAH  in  tobacco  plants.  The  major 
research  milestones  reached  during  the  first  year  are  summarized  below.  A  paper  has 
been  submitted  summarizing  the  achievements  listed  in  1  -  3,  and  5  (see  Appendix). 

1.  We  demonstrated  that  functional  rAH  can  be  overexpressed  in  the  cytosol  of 
Nicotiana  benthamiana  plants  within  4-5  days  by  the  magnICON  tobacco  mosaic 
virus  (TMV)-based  expression  system.  The  expression  level  reached  up  to  150 
mg/kg  of  leaf  materials,  although  this  method  caused  substantial  aggregation  of  rAH 
and  a  severe  necrosis  in  leaves. 

2.  The  rAH  aggregation  was  significantly  reduced  by  targeting  the  protein  to  the 
extracellular  compartment  (apoplast)  through  the  endomembrane  system. 


3.  The  plant-expressed  rAH  showed  anti-syncytia  activity  between  HeLa  cells 
expressing  HIV-1  envelope  and  human  CD4.  This  activity  was  comparable  to  that  of 
native  AH. 

4.  We  tested  a  new  AH  construct,  in  which  the  small  ubiquitin-like  modifier  (SUMO) 
protein  was  translatioanally  fused  to  the  N-terminus  of  AH.  The  SUMO  protein  has 
been  shown  to  enhance  and  stabilize  the  expression  of  many  otherwise  “difficult  to 
express”  proteins  in  E.  coli  and  other  expression  systems.  We  demonstrated  that 
SUMO-AH  can  be  expressed  in  the  apoplast  at  up  to  ten  times  higher  than  AH, 
reaching  -200  mg/kg.  Furthermore,  this  strategy  has  significantly  lowered  the 
necrotic  reaction  in  leaves. 

5.  In  collaboration  with  Dr.  David  Montefiori  at  Duke  University  Medical  Center,  we 
showed  that  AH-AH  fusion,  or  a  translational  dimer  of  rAH  (rdAH),  possesses  much 
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6.  Using  the  above  SUMO  fusion  strategy,  rdAH  was  expressed  in  N.  benthamiana. 
Similar  to  rAH,  the  dimer  molecule  was  expressed  at  a  high  level  in  the  apoplast. 


Future  worked  will  be  focused  on  the  following  objectives: 

Purification  of  plant-expressed  rAH  constructs.  We  will  purify  rAHs  from  N.  benthamiana 
leaves  and  attempt  to  establish  bulk  production  procedures  that  allow  extensive 
preclinical  evaluations  of  rAHs. 

Engineering  potent  rdAH  constructs.  Given  that  the  dimer  of  AH  possesses  significantly 
stronger  anti-HIV-1  activity  than  the  native  monomer,  we  will  create  various  rdAH 
constructs  (e.g.,  modify  the  peptide  linker  connecting  the  two  AH  molecules)  that  exhibit 
better  antiviral  activity  and  plant  expression  capability. 

Characterization  of  plant-expressed  rAHs.  Once  purified,  we  will  perform  detailed 
biochemical,  virological,  and  in  vitro  toxicological  analyses  of  plant-expressed  rAHs  to 
examine  their  initial  feasibilities  toward  candidate  HIV-1  microbicides. 

Regulation  of  Embryonic  Stem  Cell  Pluripotency  by  the  Mitochondrial  Sulfhydryl 
Oxidase,  Gfer  (Dr.  Uma  Sankar) 

Pluripotent  embryonic  (E)  stem  cells  (SCs)  are  remarkable  in  their  ability  to  undergo 
unlimited  proliferation  and  self-renewal.  Consequently,  the  capacity  to  proliferate 
indefinitely  in  culture  in  an  undifferentiated  state  confer  ESCs  with  considerable 
therapeutic  potential,  especially  in  the  treatment  of  spinal  cord  injury  and  of 
degenerative  diseases  such  as  type  1  diabetes,  Parkinson’s  and  Alzheimer’s.  To 
preserve  their  pluripotency,  ESCs  in  prolonged  culture  conditions  must  be  protected 
from  genomic,  epigenetic,  oxidative  or  mitochondrial  damage.  There  are  significant 
gaps  in  our  knowledge  regarding  genes  that  execute  the  fundamental  task  of 
maintaining  ESC  stability  and  consequentially  preserving  their  pluripotency  in  culture. 

Growth  factor  ervl- like  (Gfer)  or  augmenter  of  liver  regeneration  is  the 
mammalian  homologue  of  the  evolutionarily  conserved  yeast  ervl  protein,  a  flavin 
adenine  dinucleotide  (FAD)-dependent  sulfhydryl  oxidase  predominantly  located  in  the 
intermembrane  space  (IMS)  of  mitochondria.  Although  its  precise  function  is  unknown, 
Gfer  plays  roles  in  cytosolic  Fe-S  cluster  assembly  and  mitochondrial  biogenesis.  In 
yeast,  deletion  of  ervl  is  lethal  with  the  mutants  displaying  aberrant  mitochondrial 
morphology  and  defective  biogenesis  of  Fe-S  clusters.  Moreover,  Gfer  is  an  important 
component  of  a  disulfide  redox  relay  system  that  mediates  the  import  of  proteins  to  the 
IMS  of  the  mitochondria.  Redox  processes,  such  as  the  sulfhydryl  oxidase  activity  of 
Gfer,  are  important  regulators  of  intracellular  enzyme  activity,  gene  transcription  and 
ultimately,  of  cell  growth.  Gfer  was  identified  as  one  of  216  or  283  common  genes  that 
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are  enriched  in  ESCs,  neuronal  (N)  SCs  and  hematopoietic  SCs.  Gfer  maps  within  the  t- 
haplotype  region  of  the  SC  gene-enriched  mouse  chromosome  17  and  human 
chromosome  16,  suggesting  an  evolutionary  clustering  of  genes  important  in  SC 
biology. 

As  no  role  has  been  established  for  Gfer  in  any  stem  cell,  we  used  gene  depletion 
and  over-expression  approaches  to  evaluate  its  role  in  the  most  primitive  SCs,  the 
pluripotent  ESC.  Down-regulation  of  Gfer  in  ESCs  results  in  significantly  reduced 
pluripotency  marker  gene  expression,  embryoid  body  formation,  and  growth.  Depletion 
of  Gfer  also  resulted  in  loss  of  ESC  mitochondrial  membrane  potential  (  m), 

fragmentation  of  mitochondria  and  autophagy  of  the  damaged  mitochondria 
(mitophagy).  Conversely,  mitochondria  in  ESCs  over-expressing  Gfer  appeared 
significantly  elongated,  with  well  defined  cristae.  Interestingly,  levels  of  the 
mitochondrial  fission  GTPase  Drpl  were  highly  elevated  in  Gfer-KD  cells  and 
decreased  in  Gfer  over-expressing  cells,  indicating  that  the  enhanced  Drpl  levels  in 
Gfer-KD  ESCs  may  be  responsible  for  increased  mitochondrial  fragmentation,  loss  of 

m  and  apoptosis.  Consistent  with  this  idea,  treatment  with  mdivi-1,  a  specific  small 
molecule  inhibitor  of  Drpl  or  ectopic  expression  of  a  dominant  negative  K38A  mutant  of 
Drpl  (Drp1DN)  that  inhibits  GTP  binding  rescued  mitochondrial  dysfunction,  apoptosis 
and  pluripotency  in  Gfer-KD  ESCs.  A  selective  role  for  Gfer  in  SCs  was  corroborated  by 
our  observation  that  depletion  of  Gfer  from  differentiated  cells  such  as  primary  mouse 
embryonic  fibroblasts  (MEFs)  did  not  affect  mitochondrial  morphology,  function  or  cell 
survival.  Thus,  during  homeostasis,  Gfer  modulates  the  levels  of  Drpl  to  preserve 
mouse  ESC  mitochondrial  morphology  and  function;  and  maintain  pluripotency  marker 
expression  in  these  primitive  cells.  These  data  provide  novel  information  on  the 
relationship  of  mitochondrial  function  to  pluripotency  or  “sternness”;  a  very  important, 
yet  rather  poorly  understood  aspect  of  stem  cell  (SC)  biology. 

Summary  of  Major  Accomplishments 

We  completed  our  project  investigating  the  role  of  Gfer  in  the  regulation  of  ESC 
pluripotency.  Our  studies  support  an  essential  pro-survival  role  for  Gfer  in  the 
maintenance  of  ESC  pluripotency  by  preserving  the  structural  and  functional  integrity  of 
their  mitochondria,  through  modulation  of  a  key  mitochondrial  fission  factor  Drpl.  Our 
studies  are  published  in  Molecular  Biology  of  the  Cell  Vol.  21,  1225-1236,  April  1,  2010. 

During  the  upcoming  year,  we  will  strive  to  achieve  the  following  goals:  1 )  elucidate  the 
nature  of  regulation  of  Drpl  by  Gfer  and  2)  investigate  whether  Gfer  modulates 
mitochondrial  dynamics  and  function  in  hematopoietic  stem  cells. 

Programmatic  and  Infrastructure  Accomplishments 

Another  emphasis  of  the  current  award  was  to  make  sure  our  research  efforts  were  also 
supporting  the  development  of  the  OCRP  and  the  programmatic  level.  We  established 
a  series  of  goals  to  achieve  over  the  three  year  funding  period  as  outlined  in  the  original 
Statement  of  Work.  This  goals  and  the  progress  to  date  are  summarized  below. 
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1)  Complete  the  establishment  of  critical  infrastructure  needed  to  support  OCRP 
research  activities 

a)  Purchase  equipment  required  to  conduct  state-of-the-art  molecular  genetic  and 
biochemical  research 

This  goal  is  on  track  and  is  being  met.  Specific  equipment  items  required  to 
support  the  research  projects  summarized  in  the  previous  sections,  as  well  as 
new  pilot  projects,  have  been  acquired  and  incorporated  into  the  program. 

b)  Provide  major  equipment  needed  to  establish  a  rodent  animal  facility  to  support 
basic  and  preclinical  research  projects 

This  goal  has  been  removed  due  to  the  lack  of  funding  to  build  a  rodent  facility  at 
this  time.  The  funds  have  been  rebudgeted  to  other  areas  as  described  in  the 
approved  budget  modification  request. 

c)  Provide  core  staff  positions  and  research  funds  to  provide  basic  laboratory 
research  services  and  conduct  pilot  projects 

This  goal  is  being  met.  Research  scientists  and  student  interns  have  been 
funded  to  conduct  the  research  described.  The  scientific  staff  is  now  at  a  critical 
mass  where  continued  progress  is  will  be  feasible  as  we  move  into  year  2  of  the 
award. 

2)  Provide  start-up  funds  for  2  new  faculty  to  support  the  hiring  of  staff  and  the 
purchase  of  equipment,  research  supplies,  and  research  services 

Start  up  funds  have  been  provided  for  Dr.  Matoba  and  have  been  adequate  to  meet 
his  needs  to  establish  a  competitive  research  program.  A  second  faculty  hire  is  on 
hold  while  the  University  of  Louisville  identifies  funds  to  support  a  new  faculty 
position. 

3)  Support  ongoing  research  projects  being  developed  by  OCRP  faculty 

This  goal  is  being  met  as  evidenced  by  the  significant  progress  that  has  been  made 
by  the  OCRP  faculty  in  moving  research  progress  forward. 

4)  Collaborate  with  Kentucky  BioProcessing  (KBP),  a  local  biotechnology  company,  on 
the  development  of  PMPs,  and  promoting  the  development  of  the  plant-based 
expression  technologies 

a)  Utilize  KBP  to  provide  process  development  and  bioprocessing  needs  for  OCRP 
projects 

This  goal  is  being  met.  KBP  has  done  several  pilot-scale  purifications  of 
griffithsin  and  lunasin. 
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b)  Develop  collaborative  projects  with  KBP  and  other  PMP  companies  that  offer 
opportunities  to  improve  existing  plant-based  expression  systems  or  to  produce 
specific  therapeutic  proteins 

Formal  agreements  for  sharing  research  materials  and  knowledge  have  been 
established  with  KBP.  Discussions  are  currently  underway  to  establish  specific 
joint  research/training  activities  with  KBP  and  a  KBP  client. 

5)  Establish  collaborations  with  external  research  groups,  including  DOD  and  DOD- 
funded  groups,  aimed  at  utilizing  plant-based  expression  systems  to  produce 
vaccines  and  therapeutics  for  infectious  diseases  and  other  biological  warfare 
agents 

Initial  steps  have  been  made  to  establish  external  collaborations.  Dr.  Palmer  has  put 
together  a  consortium  of  laboratories  to  facilitate  the  development  of  griffithsin  for 
use  against  viral  pathogens  that  are  typically  transmitted  through  inhalation. 

The  OCRP  is  very  interested  in  developing  collaborations  with  DOD  scientists, 
however,  to  date,  have  found  it  difficult  to  identify  appropriate  partners.  Renewed 
efforts  will  be  initiated  in  year  2  to  find  specific  research  projects  that  OCRP  faculty 
can  contribute. 

KEY  RESEARCH  ACCOMPLISHMENTS 

Key  accomplishments  include: 

•  Significant  advances  in  the  development  of  lunasin  as  a  cancer 
chemoprevention  agent 

o  Scalable  purification  method  developed  that  will  allow  commercial- 
scale  production  of  native  lunasin  from  soybean 

o  Development  of  a  method  to  produce  modified  forms  of  recombinant 
lunasin  using  transient  expression  in  tobacco 

o  Demonstration  that  lunasin  has  the  ability  to  inhibit  the  growth  of 
specific  cancer  cells 

•  Continued  development  of  griffithsin  as  an  antiviral  agent 

o  Demonstration  that  griffithsin  has  activity  against  a  range  of  enveloped 
viral  pathogens  including  the  SARS  Coronavirus  and  ebola 

o  Development  of  methods  allowing  griffithsin  to  be  linked  to  solid 
supports  that  can  be  used  to  create  filters  and  other  solid  materials  for 
the  removal  of  viruses  from  fluids 

o  Establishment  of  a  transient  expression  system  for  another  antiviral 
lectin  that  will  compliment  the  use  of  griffithsin 

•  Further  advances  in  the  development  of  the  antiviral  protein  actinohivin 
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o  Improvements  in  the  transient  expression  system  to  allow  high  level 
expression  of  stable  protein 

o  Demonstration  that  a  dimerized  form  of  actinohivin  can  be  expressed 
and  that  it  has  higher  antiviral  activity  than  the  monomer  form 

•  Establishment  of  a  project  on  embryonic  stem  cell  pluripotency  that  will 
support  the  differentiation  of  neuronal  stem  cells 

o  A  key  regulatory  gene  for  stem  cell  function,  Gfer,  has  been 
characterized 

o  Determination  that  Gfer  and  calcium  signaling  is  important  for 
maintaining  mitochondrial  function 

REPORTABLE  OUTCOMES 

The  OCRP  faculty  has  been  very  active  in  making  presentations  describing  their  work, 
submitting  manuscripts  for  publication,  submitting  grant  proposals,  and  protecting 
intellectual  property  developed  during  the  course  of  developing  specific  research 
projects.  These  outcomes  are  summarized  in  the  following  sections: 

Publications 

Palmer  KE,  Jenson  AB,  Kouokam  JC,  Lasnik  AB  &  Ghim  SJ.  Recombinant  vaccines  for 
the  prevention  of  human  papillomavirus  infection  and  cervical  cancer.  Experimental  and 
Molecular  Pathology  86:  244-83,  2009.  PM  ID:  19454268 

Smith  ML,  Fitzmaurice  WP,  Turpen  TH  &  Palmer  KE.  Display  of  peptides  on  the 
surface  of  Tobacco  mosaic  virus  particles.  Current  Topics  in  Microbiology  and 
Immunology  322:  31-41, 2009.  PMID:  19401819 

O'Keefe  BR,  Giomarelli  B,  Barnard  DL,  Shenoy  SR,  Chan  PK,  McMahon  JB,  Palmer 
KE,  Barnett  BW,  Meyerholz  DK,  Wohlford-Lenane  CL,  McCray  PB  Jr.*  Broad  spectrum 
in  vitro  activity  and  in  vivo  efficacy  of  antiviral  protein  Griffithsin  against  emerging 
viruses  of  the  family  Coronaviridae.  Journal  of  Virology  84(5):251 1-21 .  PMID: 
20032190 

Pogue  GP,  Vojdani  F,  Palmer  KE,  Hiatt  E,  Hume  S,  Phelps  J,  Long  L,  Bohorova  N,  Kim 
D,  Pauly  M,  Velasco  J,  Whaley  K,  Zeiltin  L,  Garger  SJ,  White  E,  Bai  Y,  Haydon  H, 
Bratcher  B.  Production  of  pharmaceutical  grade  aprotinin  and  a  recombinant 
monoclonal  antibody  product  using  plant-based  transient  expression  systems.  Plant 
Biotechnology  Journal  (accepted  for  publication,  in  press). 

Matoba  N,  Davis  KR,  Palmer  KE.  Recombinant  protein  expression  in  Nicotiana  plants. 
Methods  in  Molecular  Biology  (accepted  for  publication,  in  press). 

Kouokam  JC,  Palmer  KE.  Plant-expressed  griffithsin:  a  protein  with  potent,  broad- 
spectrum  effects  against  enveloped  viruses.  In  Medicinal  Plant  Biotechnology  (Arora  R, 
editor).  CAB  International,  (accepted  for  publication,  in  press). 
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Keith  Davis 


Development  of  Novel  Vaccines  and  Therapeutics  using  Plant-Based  Expression 
Systems.  2009.  TATRC  Product  Line  Review,  Frederick,  Maryland 

Isolation  and  Analysis  of  the  Cancer-Preventive  Peptide  Lunasin.  2009.  Plant-Based 
Therapeutics  Symposium,  Sullivan  University,  Louisville,  Kentucky 

Kenneth  Palmer 


Invited  by  Virology  Education  NV  to  give  oral  presentation  at  4th  International  HIV 
Transmission  Workshop,  Cape  Town,  South  Africa.  “Scaleable  manufacture  of  HIV-1 
entry  inhibitor  Griffithsin  and  validation  of  its  safety  and  efficacy  as  a  topical  microbicide 
component.”  July  17th,  2009. 

Invited  by  United  States  Agency  for  International  Development  (USAID)  and  National 
Institute  of  Allergy  and  Infectious  Diseases  (NIAID)  to  give  oral  presentation  on 
“Tobamovirus  VLP  Platform:  Properties,  Process  Development  and  Manufacture 
Potential”  at  a  Malaria  Virus-Like  Particles  Development  Workshop,  Washington  DC. 
September  22-23,  2009. 

Invited  seminar  at  Fraunhofer  Center  for  Molecular  Biotechnology,  Newark  DE. 
“Beyond  Latex:  Protecting  Mucosal  Surfaces  Against  Virus  Infection”  July  2009. 

Invited  seminar  at  University  of  Louisville  Regional  Biosafety  Laboratory.  “Griffithsin  as 
a  broad-spectrum  antiviral”.  August  2009 


17 


Nobuyuki  Matoba 


Invited  Seminar,  “BioProduction  of  Recombinant  Protein  Pharmaceuticals  in  Plants” 
Iwaki  Meisei  University,  Fukushima,  Japan,  June  2009. 

Invited  Research  Seminar,  “Actinohivin,  a  Candidate  HIV-1  Microbicide”  Osaka 
University,  Osaka,  Japan,  July  2009 

Other  Research  Presentations/Posters 

Keith  Davis 


Barnett,  B.W.,  Seber,  L.E.,  and  Davis,  K.R.  2009.  Isolation  and  Analysis  of  the  Cancer- 
Preventive  Peptide  Lunasin.  Third  International  Conference  on  Plant-Based  Vaccines  & 
Antibodies:  Plant  Expression  Systems  for  Recombinant  Pharmacologies,  Verona,  Italy 

Davis,  K.R.,  Barnett,  B.W.,  McConnell,  E.,  and  Seber,  L.E.  2009.  Development  of  the 
Soy-Derived  Peptide  Lunasin  as  a  Chemopreventive  Agent.  Research!  Louisville, 
University  of  Louisville,  Louisville,  Kentucky 

Wermeling,  R.  and  Davis,  K.R.  2009.  Seeking  biomarkers  for  cadmium  and  NNK 
exposure  in  lung  epithelial  tissue.  Research!  Louisville,  University  of  Louisville, 
Louisville,  Kentucky 

Seber,  L.E.,  Barnett,  B.W.,  Cai,  J.,  and  Davis,  K.R.  2009. Development  of  the  Peptide 
Lunasin  as  a  Cancer  Chemoprevention  Agent.  Eighth  Annual  Retreat,  James  Graham 
Brown  Cancer  Center,  University  of  Louisville,  Louisville,  Kentucky  (2nd  Place,  Roving 
Research  Prize) 

Kenneth  Palmer 


Lasnik  AB,  Smith  ML,  Wilier  S,  Miller  D,  Ghim  SJ,  Jenson  AB,  Palmer  KE.  A  plant 
produced  L2  vaccines  protects  dogs  against  canine  oral  papillomavirus  challenge.  25th 
International  Papillomavirus  Conferenc.  Malmo,  Sweden,  May  2009 

O’Keefe  BR,  Giomarelli  B,  Saucedo  C,  McRay  P,  Lear  C,  Olinger  E,  Palmer  KE.  Potent 
antiviral  activity  of  the  lectin  Griffithsin.  Fall  American  Chemical  Society  National 
Meeting  and  Exposition.  Washington  DC,  August  2009 

Palmer,  KE,  O’Keefe  BR,  Vojdani  F,  Buffa  V,  Shattock  RJ,  Montefiori  DC,  Hume  SD, 
Bratcher  B.  Scaleable  manufacture  of  HIV-1  entry  inhibitor  Griffithsin  and  validation  of 
its  safety  and  efficacy  as  a  topical  microbicide  component.  Plant-Based  Therapeutics 
Symposium,  Sullivan  University.  Louisville  KY,  July  2009. 
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Lasnik  AB,  Riedell  SK,  Smith  ML,  Waldron  NW,  Conway  KV,  Walker  JM,  Ditslear  J, 
Franklin  TE,  Wilier  S,  Ghim  SJ,  Jenson  AB,  Palmer  KE.  Plant-produced  L2  vaccines 
induce  protective  immune  responses  against  mucosotropic  papillomavirus  in  the  dog 
model,  and  HPV  cross-neutralizing  antibodies  in  immunized  animals.  Plant-Based 
Therapeutics  Symposium,  Sullivan  University.  Louisville  KY,  July  2009. 

Palmer,  KE,  O’Keefe  BR,  Vojdani  F,  Buffa  V,  Shattock  RJ,  Montefiori  DC,  Hume  SD, 
Bratcher  B.  Scaleable  manufacture  of  HIV-1  entry  inhibitor  Griffithsin  and  validation  of 
its  safety  and  efficacy  as  a  topical  microbicide  component.  4th  International  Workshop 
on  HIV  Transmission.  Cape  Town,  South  Africa,  July  2009. 

Koukam  JC,  Palmer  KE  Safety  Evaluation  of  the  potent  anti-HIV  lectin  Griffithsin  in 
cervico-vaginal  cell  models.  ResearchILouisville,  Louisville  KY.  October  2009. 

Walter  W,  Matoba  N  &  Palmer  KE  Investigation  of  the  binding  specificity  of  antiviral 
lectin  Griffithsin.  ResearchILouisville,  Louisville  KY.  October  2009.  (This  poster  won  3rd 
prize  in  the  Medical  Student  Category) 

Palmer  KE  Tobamovirus  VLP  Platform:  Properties,  Process  Development  and 
Manufacture  Potential.  Malaria  Virus-Like  Particles  Development  Workshop, 
Washington  DC  September  22-23,  2009 

Nobuyuki  Matoba 

Barnett  B,  Conway  H,  Husk  A,  Pickel  M,  Arntzen  C,  Zhang  P,  Quinnan  G,  Mooney  J, 
Hanson  C,  Takahashi  A,  Tanno  K,  Tanaka  H,  and  Matoba  N.  Development  of  a  robust 
and  rapid  plant  expression  system  for  Actinohivin,  a  novel  anti-HIV-1  protein  targeting 
the  envelope  high-mannose  cluster.  Plant-made  Pharmaceuticals  Meeting, 
Louisville/Owensboro,  KY,  June  2009 

Matoba  N,  Barnett  B,  Husk  A,  and  Conway  H.  Development  of  Plant-based  HIV-1 
Microbicides  and  Vaccines  Targeting  the  Envelope  High-mannose  Clusters. 
ResearchILouisville,  University  of  Louisville,  October  2009 

Kessans  SA,  Frater  J,  Matoba  N,  and  Mor  TS.  Plant  expression  of  chimeric  Gag/gp41 
virus-like  particles  as  a  mucosally-targeted  subunit  vaccine  against  HIV-1.  AIDS 
Vaccine  2009,  Paris,  France,  October  2009  (Retrovirology  6:  Supplement  3,  PI  5) 

Matoba  N,  Cherni  I,  Kessans  S,  Frater  J,  Preston  K,  Bomsel  M,  and  Mor  TS. 
Biochemical  and  immunological  characterization  of  the  plant-derived  candidate  HIV-1 
mucosal  vaccine  CTB-MPR.  AIDS  Vaccine  2009,  Paris,  France,  October  2009 
(Retrovirology  6:  Supplement  3,  PI  82) 

Matoba  N,  Barnett  B,  Husk  A,  Montefiori  D,  and  Tanaka  H.  Development  of  Plant-based 
HIV  Microbicides  and  Vaccines  by  targeting  the  High-mannose  Cluster  on  the  Env 
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Glycoprotein  gp120.  James  Graham  Brown  Cancer  Center  8th  Annual  Retreat, 
University  of  Louisville,  November,  2009 

Uma  Sankar 


Cary,  R.  and  Sankar  U.  “Regulation  of  stem  cell  proliferation  by  a  pro-quiescence 
kinase”.  95th  Annual  Meeting  of  the  Kentucky  Academy  of  Sciences,  November  13-14, 
Northern  Kentucky  University,  Highland  Heights,  KY 

McQuerry  K.  and  Sankar  U.  “CaMKII  Antagonizes  CaMKIV  to  Enable  Leukemia  Cell 
Proliferation”  Research!  Louisville,  October,  2009,  Louisville,  KY 

Todd  L.  R.,  Damin  M.  N.,  Grant  S.  W.,  Means  A.  R  and  Sankar  U.  “Growth  Factor  ervl 
like  (Gfer)  Promotes  Embryonic  Stem  Cell  Function  by  Preserving  Mitochondrial 
Integrity  and  Preventing  Autophagic  Cell  Death.  Keystone  Symposium  on  Mitochondrial 
Dynamics  and  Physiology,  March  22-27,  2009,  Whistler,  British  Columbia,  Canada. 

Grant  Applications 


Agency/Number 

Title 

Role 

PI 

Project 

Period 

Budget 

Request 

Keith  Davis 

NIH/3R01CA0969 
97-04S1  (MPI) 

A  HER-2/neu  pulsed  DC1 
vaccine  for  patients  with  DCIS 

Co-PI 

Brian 

Czerniecki 
U.  Penn. 

7/1/09  to 
6/30/1 1 

$2,963,392 

Not  Funded 

Komen  for  the 

Cure 

Development  of  Vaccines  for 
Breast  Cancer  Prevention 

Co-1 

Brian 

Czerniecki 
U.  Penn. 

5/1/10  to 
4/30/12 

Subaward 

Budget 

$246,452 

Not  Funded 

U  of  L  Clinical  and 
Translational 
Science  Pilot 

Grant 

Development  of  the  Soy 

Peptide 

Lunasin  as  a 

Chemoprevention  Agent 

PI 

Keith 

Davis 

3/1/10  to 
2/28/1 1 

$89,122 

Pending 

Soybean 

Promotion  Board 

Development  of  the  Soybean- 
Derived  Peptide  Lunasin  as  a 
Chemoprevention  Agent 

PI 

Keith 

Davis 

7/1/10  to 
6/30/1 1 

$68,020 

Funded 

Kenneth  Palmer 

NIH  / 

R01  AI076169 
Supplement 

Antiviral  Lectins  as 

Microbicides 

PI 

Kenneth 

Palmer 

09/15/09 

to 

08/31/10 

$519,000 

Funded 

Gates  Foundation 
Grand  Challenges 
Explorations 

Glycan  targeting  to  protect 
against  infectious  disease 

PI 

Kenneth 

Palmer 

05/01/10 

to 

04/30/1 1 

$100,000 

Not  Funded 

University  of 
Louisville  Clinical 
and  Translational 
Research  Pilot 
Grants 

Selection  of  a  pan-oncogenic 
HPV  vaccine  candidate 

PI 

Kenneth 

Palmer 

03/01/10 

to 

02/28/1 1 

$250,000 

Pending 
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Agency/Number 

Title 

Role 

PI 

Project 

Period 

Budget 

Request 

Nobuyuki  Matoba 

NIH  NIAID  R01 

The  Novel  Mannose  Cluster- 
Targeting  Anti-HIV  Protein 
Actinohivin 

PI 

Nobuyuki 

Matoba 

01/01/10 

to 

12/31/14 

$1,250,000 
(direct  costs) 
Not  funded 

NIH  NIAID 

Microbicide 

Innovation 

Program  V  RFA 
(R21/R33  Phased 
Innovation  Award) 

Plant-produced  Actinohivin  as 
a  Candidate  HIV  Microbicide 

PI 

Nobuyuki 

Matoba 

04/01/10 

to 

03/31/15 

$1,170,500 
(direct  costs) 
Priority  Score: 
37,  Pending 

Grand  Challenges 
in  Global 
Health/Grand 
Challenges 
Explorations 

Round  4 

Development  of  a  mucosal 
vaccine  against  enveloped 
viruses. 

PI 

Nobuyuki 

Matoba 

05/01/10 

to 

04/31/11 

$100,000 
(direct  costs) 
Not  funded 

UofL  Clinical 
Translational 
Sciences  Pilot 

Grant 

Program  Basic 
Translational 
Research  Award 

A  broad-spectrum  vaccine 
against  enveloped  viruses. 

PI 

Nobuyuki 

Matoba 

03/01/10 

to 

02/28/1 1 

$49,020 
(direct  costs) 
Funded 

Uma  Sankar 

American  Cancer 
Society  Research 
Scholar  Award 

Role  of  calmodulin-dependent 
protein  kinases  in 
hematopoiesis  and  leukemia 

PI 

Uma 

Sankar 

07/01/10 

to 

06/30/14 

$964,969 
(direct  costs 
Scored 

Excellent 

Not  funded 

NIH  NCI  ROI 

Calmodulin-dependent  protein 
kinases  in  hematopoiesis  and 
leukemia 

PI 

Uma 

Sankar 

04/01/10 

to 

03/31/15 

$1,250,000 
(direct  costs) 
Not  funded 

Invention  Disclosures  and  Patent  Applications 

Purification  of  the  Cancer  Prevention  Peptide  Lunasin 
Keith  R.  Davis,  Brian  Barnett,  and  Lauren  Seber 

Converted  into  USPO  Provisional  Patent  Application  (Serial  No.  61/260,064) 
LUNASIN-CONTAINING  COMPLEX  AND  PURIFICATION  OF  LUNASIN  FROM 
PLANTS 

Inventors:  Keith  R.  Davis,  Brian  Barnett,  Lauren  Seber,  and  Jian  Cai 

Expression  of  Lunasin  in  Plants 

Keith  R.  Davis,  Brian  Barnett,  and  Lauren  Seber 

Converted  into  USPO  Provisional  Patent  Application  (Serial  No.  61/254,788) 

METHOD  OF  PRODUCING  A  LUNASIN  POLYPEPTIDE  IN  PLANTS 
Inventors:  Keith  R.  Davis,  Brian  Barnett,  and  Lauren  Seber 
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Compositions  For  Treating  Papillomavirus  Infection  And  Related  Methods 
Palmer,  KE  and  Waldron  NN. 

Converted  to  USPO  Provisional  Patent  Application  (Serial  No.  61/144,347) 
COMPOSITIONS  FOR  TREATING  PAPILLOMAVIRUS  INFECTION  AND  RELATED 
METHODS 

Inventors:  Kenneth  E.  Palmer  and  N.N.  Waldron 

Highly  mannosylated  B  subunit  of  cholera  toxin  as  a  potential  broad-spectrum  vaccine 
against  enveloped  viruses 
Nobuyuki  Matoba  and  Brian  Barnett 

CONCLUSION 

During  the  first  year  of  funding,  the  OCRP  has  made  significant  progress  as  a  research 
organization  and  the  faculty  has  utilized  the  support  to  make  major  progress  in  the 
implementation  of  specific  research  projects  with  relevance  to  DOD  research  priorities. 
Of  note,  the  development  of  lunasin  as  a  chemoprevention  agent  and/or  therapeutic  is 
now  at  the  point  where  preclinical  studies  can  be  started  as  a  prelude  to  potential 
clinical  trials.  The  development  of  griffithsin  has  been  significantly  advanced, 
particularly  with  respect  to  indications  other  than  HIV.  It  is  anticipated  that  preclinical 
studies  of  griffithsin  will  be  largely  completed  during  the  next  two  years  using  the 
additional  support  obtained  from  NIH.  The  projects  on  actinohivin  and  the  regulation  of 
stem  cell  development  being  developed  by  Drs.  Matoba  and  Sankar,  respectively,  are 
progressing  well.  It  is  anticipated  that  the  utility  of  actinohivin  as  an  antiviral  microbicide 
will  be  ascertained  over  the  next  year.  Although  the  stem  cell  is  the  most  basic  project 
being  supported,  it  has  significant  relevance  to  developing  methods  for  controlling  the 
differentiation  of  neuronal  stem  cells  from  embryonic  stem  cells.  Specific  product 
oriented  research  will  be  initiated  when  a  clear  target  emerges  from  this  preliminary 
work. 

APPENDIX 

Reprints  and  preprints  of  publications  describing  the  work  summarized  in  this  report. 
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Broad-Spectrum  In  Vitro  Activity  and  In  Vivo  Efficacy  of  the 
Antiviral  Protein  Griffithsin  against  Emerging  Viruses  of  the 
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Viruses  of  the  family  Coronaviridae  have  recently  emerged  through  zoonotic  transmission  to  become  serious 
human  pathogens.  The  pathogenic  agent  responsible  for  severe  acute  respiratory  syndrome  (SARS),  the  SARS 
coronavirus  (SARS-CoV),  is  a  member  of  this  large  family  of  positive-strand  RNA  viruses  that  cause  a 
spectrum  of  disease  in  humans,  other  mammals,  and  birds.  Since  the  publicized  outbreaks  of  SARS  in  China 
and  Canada  in  2002-2003,  significant  efforts  successfully  identified  the  causative  agent,  host  cell  receptor(s), 
and  many  of  the  pathogenic  mechanisms  underlying  SARS.  With  this  greater  understanding  of  SARS-CoV 
biology,  many  researchers  have  sought  to  identify  agents  for  the  treatment  of  SARS.  Here  we  report  the  utility 
of  the  potent  antiviral  protein  griffithsin  (GRFT)  in  the  prevention  of  SARS-CoV  infection  both  in  vitro  and  in 
vivo.  We  also  show  that  GRFT  specifically  binds  to  the  SARS-CoV  spike  glycoprotein  and  inhibits  viral  entry. 

In  addition,  we  report  the  activity  of  GRFT  against  a  variety  of  additional  coronaviruses  that  infect  humans, 
other  mammals,  and  birds.  Finally,  we  show  that  GRFT  treatment  has  a  positive  effect  on  morbidity  and 
mortality  in  a  lethal  infection  model  using  a  mouse-adapted  SARS-CoV  and  also  specifically  inhibits  delete¬ 
rious  aspects  of  the  host  immunological  response  to  SARS  infection  in  mammals. 


The  Coronaviridae  are  a  group  of  enveloped  positive-strand 
RNA  viruses  of  the  group  Nidovirales.  This  group  of  viruses 
was  not,  until  recently,  of  major  concern  as  a  matter  of  public 
health,  although  they  were  long  recognized  as  important 
agents  of  serious  disease  in  domestic  and  companion  animals. 
The  recent  evidence  of  zoonotic  transfer  of  this  family  of 
viruses  from  bats  to  animals  such  as  palm  civet  cats  and  then  to 
humans  during  the  2002-2003  outbreak  greatly  increased  sci¬ 
entific  interest  in  the  Coronaviridae  (7, 14, 19).  The  best-known 
coronavirus  (CoV)  is  the  causative  agent  of  severe  acute  re¬ 
spiratory  syndrome  (SARS),  termed  the  SARS-related  coro¬ 
navirus  (SARS-CoV)  (7, 14,  19).  The  lethal  SARS  outbreaks  in 
China  and  Canada  in  2002-2003  first  brought  SARS-CoV  to 
public  attention.  The  subsequent  identification  of  two  new 
human  coronaviruses  associated  with  acute  respiratory  infec¬ 
tions  in  humans  further  illuminated  the  continuing  potential 
threat  that  coronaviruses  present  to  public  health  (31,  36). 

Infection  with  SARS-CoV  results  from  the  binding  of 
SARS-CoV  spike  glycoprotein  (S)  to  angiotensin-converting 
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335-6844.  Fax:  (319)  335-6925.  E-mail:  paul-mccray@uiowa.edu. 

v  Published  ahead  of  print  on  23  December  2009. 


enzyme  2  (ACE2)  on  the  surface  of  susceptible  cells  in  the  lung 
followed  by  viral  fusion  with  host  cell  membranes  and  transfer 
of  virion  contents  into  the  cell  (12,  25,  27).  The  infection 
stimulates  significant  cytokine  responses  in  lung  tissue  that, 
together  with  pathologies  associated  with  rapidly  replicating 
virus,  cause  damage  to  the  airway  epithelium  and  alveolar 
membranes  resulting  in  edema,  respiratory  distress,  and  (in 
~10%  of  cases)  death  (5).  Due  to  the  proven  threat  from 
SARS-CoV  infections  and  the  possibility  of  future  zoonotic 
transmission  of  coronaviruses,  efforts  have  been  initiated  to 
identify  agents  that  could  either  reduce  infection  or  suppress 
the  deleterious  cytokine  response  to  SARS-CoV  infection 
(8,  29). 

The  molecular  physiology  of  the  SARS-CoV  life  cycle  and 
the  host  response  to  infection  have  provided  numerous  poten¬ 
tial  targets  for  chemotherapeutic  intervention.  In  addition  to 
vaccine  development  strategies,  various  research  groups  have 
targeted  the  SARS-CoV-specific  main  protease  or  viral  attach¬ 
ment,  entry,  and  fusion  for  intervention.  SARS-CoV  protease 
inhibitors  which  inhibit  the  enzyme  at  concentrations  from  0.5 
to  7  pM  have  been  reported  (2).  The  SARS-CoV  papain-like 
protease  (PLP)  has  also  been  successfully  developed  as  a  target 
for  small-molecule  antivirals,  some  of  which  are  active  in  the 
100  nM  range  (22).  Viral  entry  inhibitors  include  SARS-CoV  S 
glycoprotein  heptad  repeat  peptides  identified  as  potential  in¬ 
hibitors  of  viral  fusion  (3).  Another  broad-spectrum  antiviral 
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FIG.  1.  The  amino  acid  sequence  and  carbohydrate  binding  do¬ 
mains  of  griffithsin.  Griffithsin  monomers  contain  three  distinct,  non¬ 
linear,  and  uniform  binding  sites  for  monosaccharides  such  as  mannose 
and  glucose.  The  binding  sites  (red,  blue,  and  yellow)  are  shown  both 
in  the  amino  acid  sequence  of  griffithsin  (A)  and  binding  to  the  dis¬ 
accharide  maltose  in  a  three-dimensional  representation  derived  from 
the  X-ray  crystal  structure  (B). 

approach  involves  targeting  the  high-mannose  oligosaccha¬ 
rides  that  are  commonly  found  on  viral  surface  glycoproteins. 
For  example,  carbohydrate-binding  lectins,  including  Urtica 
dioica  agglutinin  (UDA),  have  been  reported  to  bind  to  the 
SARS-CoV  S  protein  and  inhibit  viral  fusion  and  entry  (33). 

The  antiviral  protein  griffithsin  (GRFT)  was  originally  iso¬ 
lated  from  the  red  alga  Griffithsia  sp.  based  upon  its  activity 
against  the  human  immunodeficiency  virus  (FIIV)  (17).  This 
unique  12.7-kDa  protein  was  shown  to  bind  specifically  to 
oligosaccharides  on  the  surface  of  the  HIV  envelope  glyco¬ 
protein  gpl20.  GRFT  was  shown  to  possess  three  largely  iden¬ 
tical  carbohydrate-binding  domains  orientated  as  an  equatorial 
triangle  and  affording  multivalent  binding  and  thereby  increas¬ 
ing  potency  (37)  (Fig.  1).  Due  to  GRFT’s  ability  to  bind  to 
specific  oligosaccharides  on  envelope  glycoproteins  and  block 
viral  entry,  it  was  hypothesized  that  GRFT  might  show  broad- 
spectrum  antiviral  activity  against  other  viruses,  including 
SARS-CoV  (38).  Here  we  report  the  testing  of  GRFT  for 
antiviral  activity  against  a  spectrum  of  coronaviruses,  including 
SARS-CoV.  In  addition  we  present  data  on  the  specific  bind¬ 
ing  interactions  between  GRFT  and  the  SARS-CoV  S  protein. 
Finally,  we  evaluate  the  in  vivo  efficacy  of  intranasal  adminis¬ 
tration  of  GRFT  against  infection  with  SARS-CoV  in  a  lethal 
mouse  model  of  pulmonary  infection  and  explore  the  effects 
that  GRFT  treatment  has  on  the  induction  of  host  cytokine 
response  to  SARS-CoV  infection. 

MATERIALS  AND  METHODS 

In  vitro  antiviral  testing  methods,  (i)  Compounds.  Ribavirin  was  obtained 
from  ICN  Pharmaceuticals  (Costa  Mesa,  CA).  Multiferon  (multisubtype,  human 


alpha  interferon  [IFN-a],  consisting  of  al,  a2,  a8,  alO,  al4,  and  a21  human  IFN-a 
subtypes)  was  kindly  provided  by  Douglas  Lind  (Viragen  Inc.,  Plantation,  FL), 
and  the  SARS-CoV  protease  inhibitor  was  provided  by  Sui  Xiong  Cai  (Maxim 
Pharmaceuticals,  San  Diego,  CA).  GRFT  was  produced  by  recombinant  produc¬ 
tion  in  Nicotiana  benthamiana  and  purified  for  use  as  reported  previously  (18). 
SARS-CoV  spike  glycoprotein  was  obtained  through  the  NIH  Biodefense  and 
Emerging  Infections  Research  Resources  Repository,  NLAID,  NIH  (SARS-CoV 
spike  [S]  protein  with  histidine  tag,  recombinant  from  baculovirus,  NR-686). 
ACE2  was  purchased  from  R  &  D  Systems  (Minneapolis,  MN).  Recombinant 
HIV-1iiib  gpl20,  produced  in  a  baculovirus  expression  system,  was  purchased 
from  Immunodiagnostics  Inc.  (Woburn,  MA). 

(ii)  Cells  and  virus.  Human  ileocecal  colorectal  human  adenocarcinoma  cells 
(HRT-18G),  mouse  embryonic  liver  cells  (BNL),  and  human  diploid  fibroblast 
cells  (MRC-5)  obtained  from  the  American  Type  Culture  Collection  (ATCC, 
Manassas,  VA)  were  grown  in  Dulbecco’s  modified  essential  medium  (DMEM) 
supplemented  with  10%  fetal  bovine  serum  (FBS;  HyClone  Laboratories, 
Thermo-Fisher  Scientific,  Logan,  UT)  and  0.37%  NaHC03.  Chicken  embryonic 
fibroblast  cells  (UMNSAH/DF-1,  East  Lansing  line),  pig  testis  fibroblast  cells 
(ST),  human  ileocecal  colorectal  human  adenocarcinoma  cells  (HCT-8),  and 
African  green  monkey  kidney  cells  (Vero  76),  all  from  the  ATCC,  were  grown  in 
Eagle’s  formulation  of  minimal  essential  medium  (MEM)  supplemented  with 
10%  FBS  and  0.22%  NaHC03  and  propagated  at  37°C. 

Calf  diarrheal  virus  (bovine  coronavirus  [BCoV])  was  obtained  from  the 
ATCC  and  passaged  in  HRT-18G  cells.  Infectious  bronchitis  virus  strain  Con¬ 
necticut  A5968  (IBV;  ATCC)  was  routinely  grown  in  DF-1  cells.  Mouse  hepatitis 
virus  (MHV)  strain  JHM  (ATCC)  and  porcine  transmissible  gastroenteritis  virus 
strain  Miller  (PCoV;  ATCC)  were  passaged  in  BNL  cells  and  ST  cells,  respec¬ 
tively.  Human  coronavirus  strain  OC43  (HCoV-OC43;  ATCC)  was  passaged  in 
HCT-8  cells  (ATCC),  and  human  coronavirus  strain  229E  (HCoV-229E;  ATCC) 
was  passaged  in  MRC-5  cells.  The  following  reagent  was  obtained  through 
the  NIH  Biodefense  and  Emerging  Infections  Research  Resources  Repository, 
NIAID,  NIH:  human  coronavirus,  NL63  (Amsterdam  1),  NR-470.  NL63  was 
grown  in  rhesus  monkey  kidney  cells  (LLC-MK2  cells)  in  MEM  supplemented 
with  5%  FBS,  later  reduced  to  2%  FBS  in  antiviral  assays  Severe  acute  respira¬ 
tory  syndrome-associated  coronavirus  strain  Urbani  (SARS-CoV)  was  obtained 
from  the  Centers  for  Disease  Control  and  Prevention  (Atlanta,  GA),  the  Tor-II 
strain  was  from  Heinz  Feldman  (National  Microbiology  Laboratory,  Winnipeg, 
Manitoba,  Canada),  the  Frankfurt  strain  was  from  Jindrich  Cinatl  (Klinikum  der 
J.  W.  Goethe  Universitat,  Frankfurt  am  Mein,  Germany),  and  the  CuHK  strain 
was  from  Paul  K.  S.  Chan  (Chinese  University  of  Hong  Kong,  Hong  Kong, 
People’s  Republic  of  China).  They  were  all  passaged  in  Vero  76  cells.  When 
viruses  were  grown,  the  FBS  in  each  medium  used  above  was  reduced  to  2%  and 
the  NaHC03  was  reduced  to  0.22%  with  the  exception  of  BCoV.  For  BCoV,  the 
growth  and  antiviral  test  media  were  MEM  without  serum,  0.18%  NaHC03,  20 
IU  trypsin/ml,  2.0  |xg  EDTA/ml.  For  all  antiviral  assays,  50  p-g/ml  gentamicin  was 
also  added  to  the  antiviral  test  medium. 

(iii)  Preparation  of  compounds  for  testing.  Compounds  in  solution  were  di¬ 
luted  in  test  medium  (MEM  without  serum)  through  a  series  of  eight  l/2-log10 
dilutions  for  evaluation.  A  positive-control  drug  was  also  included  to  ensure  that 
an  overwhelming  amount  of  virus  was  not  used  in  the  assay.  The  latter  com¬ 
pounds  also  were  diluted  in  test  medium  as  described  above. 

(iv)  CPE  inhibition  assay.  Cells  were  seeded  into  96-well  flat-bottomed  tissue 
culture  plates  (Corning  Glass  Works,  Corning,  NY),  0.2  ml/well,  at  the  proper 
cell  concentration,  and  incubated  overnight  at  37°C  in  order  to  establish  a  cell 
monolayer.  When  the  monolayer  was  established,  the  growth  medium  was  de¬ 
canted  and  the  various  dilutions  of  test  compound  were  added  to  each  well  (3 
wells/dilution,  0.1  ml/well).  Compound  diluent  medium  was  added  to  cell  and 
virus  control  wells  (0.1  ml/well).  Virus  (viral  multiplicity  of  infection  [MOI]  = 
0.01  to  0.001),  diluted  in  test  medium,  was  added  to  compound  test  wells  (3 
wells/dilution  of  compound)  and  to  virus  control  wells  at  0.1  ml/well.  Virus  was 
added  approximately  5  min  after  compound.  Test  medium  without  virus  was 
added  to  all  toxicity  control  wells  (2  wells/dilution  of  each  test  compound)  and  to 
cell  control  wells  at  0.1  ml/well.  The  plates  were  incubated  at  37°C  or  at  33°C 
(HCoV-OC43,  HCoV-299E,  and  HCoV-NL63)  in  a  humidified  incubator  with  a 
5%  C02-95%  air  atmosphere  until  virus  control  wells  had  adequate  cytopathic 
effect  (CPE)  readings.  This  was  achieved  in  3  to  10  days  after  virus  exposure  to 
cells,  depending  on  the  virus.  Cells  were  then  examined  microscopically  for  CPE, 
this  being  scored  from  0  (normal  cells)  to  4  (maximal,  100%  CPE).  The  cells  in 
the  toxicity  control  wells  were  observed  microscopically  for  morphological 
changes  attributed  to  cytotoxicity.  This  cytotoxicity  was  also  graded  as  T  (100% 
toxicity,  complete  cell  sloughing  from  plate),  Pvh  (80%  cytotoxicity),  PH  (60% 
cytotoxicity),  P  (40%  cytotoxicity),  PS1  (20%  cytotoxicity),  and  0  (normal  cells). 
The  50%  effective  dose  (EC50)  and  50%  cytotoxic  dose  (IC50)  was  calculated  by 
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regression  analysis  of  the  virus  CPE  data  and  the  toxicity  control  data,  respec¬ 
tively.  The  therapeutic  index  (SI)  for  each  compound  tested  was  calculated  using 
the  formula  SI  =  ICsq/ECsq. 

(v)  NR  uptake  assay  of  CPE  inhibition  and  compound  cytotoxicity.  The  neu¬ 
tral  red  (NR)  uptake  assay  was  done  on  the  same  CPE  inhibition  test  plates  as 
described  above  to  verify  the  inhibitory  activity  and  the  cytotoxicity  observed  by 
visual  observation.  The  NR  assay  was  performed  using  a  modified  method  of 
Cavanaugh  et  al.  (4)  as  described  by  Barnard  et  al.  (1).  Medium  was  removed 
from  each  well  of  a  plate,  0.034%  NRF  (0.34%  neutral  red  in  phosphate-buffered 
saline  [PBS]  supplemented  with  formalin  at  10%)  was  added  to  each  well  of  the 
plate,  and  the  plate  was  incubated  for  2  h  at  37°C  in  the  dark.  The  NR  solution 
was  then  removed  from  the  wells  and  rinsed,  and  the  remaining  dye  was  ex¬ 
tracted  using  ethanol  buffered  with  Sorenson’s  citrate  buffer.  Absorbances  at  540 
nm/405  nm  were  read  with  a  microplate  reader  (Opsys  MR;  Dynex  Technologies, 
Chantilly,  VA).  Absorbance  values  were  expressed  as  percentages  of  untreated 
controls  and  EC50,  IC50,  and  SI  values  were  calculated  as  described  above. 

(vi)  ELISA  studies.  The  binding  of  GRFT  to  SARS-CoV  spike  (S)  glycopro¬ 
tein  was  analyzed  in  enzyme-linked  immunosorbent  assay  (ELISAs)  with  two 
different  modalities.  For  standard  ELISA,  purified  S  protein  was  immobilized  at 
10  ng/well  to  a  96-well  protein-binding  plate  (Nunc;  Maxisorp)  by  incubation  for 
2  h  at  room  temperature.  After  being  rinsed  twice  with  PBS  containing  0.1% 
Tween  (PBS-T)  and  three  times  with  blocking  buffer  (Superblock  buffer  in  PBS 
containing  0.05%  Tween  20;  Pierce,  Rockford,  IL),  the  plate  was  incubated  with 
blocking  buffer  for  3  h  at  room  temperature  and  rinsed  again  with  PBS-T.  The 
wells  were  then  incubated  with  0.5  log10  serial  dilutions  of  GRFT,  followed  by 
anti-GRFT  rabbit  polyclonal  antibodies  for  1  h  at  room  temperature.  After 
washing  with  PBS-T,  the  amount  of  bound  GRFT  was  determined  by  adding  a 
1:5,000  dilution  of  goat  anti-rabbit-horseradish  peroxidase  (HRP;  Immuno- 
Pure).  The  plate  was  washed  again,  and  horseradish  peroxidase  substrate 
(Kirkegaard  &  Perry  Laboratories)  was  added.  The  reaction  was  stopped  by  the 
addition  of  50  pl/well  of  2  M  H2S04,  and  absorbance  was  measured  at  450  nm. 
To  measure  the  inhibition  of  binding  of  GRFT  to  S  protein  by  mannose,  in¬ 
creasing  concentrations  of  mannose  were  added  to  100- (xl  aliquots  of  GRFT  (1 
|iM  in  PBS)  or  PBS  alone  and  incubated  at  room  temperature  for  30  min  on  a 
rocker.  The  aliquots  were  then  added  to  an  S-protein-coated  plate  and  incubated 
for  1  h  at  room  temperature.  Binding  of  GRFT  was  measured  as  described 
above. 

In  studies  to  measure  the  ability  of  GRFT  to  prevent  the  binding  of  S  protein 
to  the  ACE2  cellular  receptor,  S  protein  was  bound  to  the  wells  of  a  96-well  plate 
as  above  and  then,  after  blocking  and  washing,  was  treated  with  increasing 
concentrations  of  GRFT  (0.0003  to  100  pmol/well).  Following  incubation  with 
GRFT  (2  h),  the  plate  was  then  incubated  with  50  ng/well  of  recombinant  ACE2 
(R  &  D  Systems)  and  incubated  for  1  h  prior  to  washing  and  visualization  with 
primary  polyclonal  goat-anti-ACE2  antibodies  followed  by  horseradish  peroxi¬ 
dase-ligated  mouse  anti-goat  secondary  antibodies  monitored  by  absorbance  at 
450  nm. 

(vii)  Isothermal  titration  calorimetry.  The  calorimetric  binding  experiments 
were  carried  out  on  a  VP-ITC  microcalorimeter  (MicroCal,  Inc.,  Northampton, 
MA).  In  the  experiments,  5-pl  aliquots  of  a  GRFT  solution  (289.3  pM)  were 
injected  from  a  250-jjlI  syringe  into  a  rapidly  mixing  (300  rpm)  solution  of  either 
SARS-CoV  spike  (1.8  |xM)  or  HIV-1IIIB  gpl20  (2.5  pM)  contained  within  the 
calorimetric  cell  (1.4426  ml).  Both  experiments  were  carried  out  at  25°C  in  10 
mM  sodium  phosphate  buffer,  60  mM  NaCl,  0.02%  NaN3  (pH  7.0).  The  iso¬ 
therms  were  corrected  for  dilution/buffer  effects  and  fitted  using  the  Origin  ITC 
analysis  software  according  to  the  manufacturer’s  protocols.  Concentrations  of 
all  proteins  were  determined  by  amino  acid  analysis.  A  nonlinear  least-square 
method  was  used  to  fit  the  titration  data  and  to  calculate  the  errors.  From  the 
binding  curve,  values  for  enthalpy,  stoichiometry,  and  binding  affinity  were  ex¬ 
tracted.  The  other  thermodynamic  parameters  (free  energy  of  binding  and  en¬ 
tropy  values)  were  calculated  using  A G  =  —  RTlnKa,  AG  =  A H  —  TAS,  andR  = 
1.985  cal/(mol  •  K),  where  R  is  the  universal  gas  constant,  T  is  temperature  in 
Kelvin,  and  Ka  is  the  reaction  equilibrium  constant. 

In  vivo  mouse  testing  methods,  (i)  Animals.  Six-  to  eight-week-old  BALB/c 
female  mice  were  purchased  from  NCI.  The  animals  were  maintained  in  an 
approved  animal  care  facility  and  transferred  to  a  biosafety  level  3  (BSL3)  facility 
prior  to  infection.  This  study  was  approved  by  the  University  of  Iowa  Animal 
Care  and  Use  Committee.  The  animals  used  for  this  study  were  part  of  a 
four-armed  experiment  including  sham-treated,  positive-control  (SARS-CoV- 
infected),  griffithsin-treated,  and  rhesus  theta-defensin-treated  animals.  The  re¬ 
sults  with  rhesus  theta-defensin-treated  and  some  of  the  positive-control  and 
sham-treated  animals  were  previously  published  (34). 

(ii)  Griffithsin  administration.  Recombinant  GRFT  protein  was  prepared  as 
described  previously  (18).  Mice  were  lightly  anesthetized,  and  GRFT  (5  mg/kg  of 


FIG.  2.  The  effect  of  griffithsin  against  SARS-CoV  (Urbani  strain) 
in  cell  culture.  Griffithsin  inhibited  the  cytopathic  effects  of  SARS-CoV 
on  Vero  cells  in  a  concentration-dependent  manner  (■)  while  display¬ 
ing  minimal  toxicity  to  the  same  cells  in  the  absence  of  viral  challenge  (•). 


body  weight/day)  was  delivered  intranasally  4  h  prior  to  administration  of  MAI 5 
SARS-CoV,  followed  by  2  doses  daily  (2.5  mg/kg/dose)  for  4  days  following 
infection.  This  dose  was  adopted  from  a  previous  study  of  a  similar  viral  entry 
inhibitor,  cyanovirin-N,  with  influenza  virus  (28). 

(iii)  MA15  Urbani  SARS-CoV  infection.  Mice  were  anesthetized  and  inocu¬ 
lated  intranasally  with  3  X  105  PFU  of  mouse-adapted  Urbani  SARS-CoV 
(MA15)  (23)  in  30  (jlI  sterile  IX  PBS  in  an  approved  BSL3  facility.  Mice  were 
weighed  and  examined  daily.  Animals  were  euthanized  if  they  lost  >25%  of  their 
body  weight.  To  obtain  specimens  for  lung  histology,  virus  titers,  lung  homoge¬ 
nates,  and  serum  collection,  mice  were  euthanized  at  baseline  and  at  day  2,  day 
4,  and  day  10  postinfection  (p.i.).  The  left  lung  was  fixed  in  zinc  formalin,  and  the 
right  lung  was  homogenized  and  stored  at  —  80°C. 

(iv)  Plaque  assay.  The  right  lung  was  excised  aseptically,  placed  in  sterile  IX 
PBS,  and  homogenized  manually  with  a  tissue  homogenizer.  The  homogenates 
were  centrifuged  at  12,000  rpm  for  10  min,  and  supernatant  was  removed.  Lung 
homogenate  supernatants  were  diluted  and  applied  to  Vero  cells  and  incubated 
for  1  h,  and  an  overlay  medium  containing  agarose  was  added  to  cell  surface. 
Three  days  postinfection,  cells  were  fixed  in  10%  formaldehyde  and  stained  with 
0.1%  crystal  violet.  Formed  plaques  were  counted. 

(v)  Immunohistochemistry.  To  detect  SARS-CoV  antigen,  zinc  formalin-fixed 
paraffin  sections  were  incubated  with  a  monoclonal  antibody  to  the  SARS-CoV 
N  protein  (gift  of  John  Nicholls,  University  of  Hong  Kong,  Hong  Kong)  and 
expression  was  detected  using  a  biotin-avidin  system.  Sections  were  examined 
and  photographed  under  light  microscopy. 

(vi)  Histopathology.  Fixed  tissues  were  processed,  paraffin  embedded,  sec¬ 
tioned  (4  (xm),  and  hematoxylin  and  eosin  stained.  All  slides  were  screened  by  a 
veterinary  pathologist  to  first  identify  the  histopathologic  parameters  that  were 
appreciably  altered.  Subsequently,  the  slides  were  scored  in  a  blinded  fashion  for 
lesion  severity.  Edema  scores  included  the  following:  1,  absent  to  rare;  2,  mild, 
detectable  foci  of  eosinophilic  seroproteinaceous  fluid  within  alveoli  and  airways; 
and  3,  moderate  to  severe  foci  of  eosinophilic  seroproteinaceous  fluid  pooling  in 
alveoli  and  airways.  Perivascular  cellular  inflammation  scores  included  the  fol¬ 
lowing:  1,  absent  to  rare;  2,  mild  perivascular  cellular  infiltrates  starting  to  form 
small  cellular  aggregates;  and  3,  moderate  to  severe  perivascular  cellular  infil¬ 
trates  often  forming  marked  aggregates  with  variable  disruption  of  adjacent 
tissue  architecture.  Necrotizing  bronchiolitis  scores  included  the  following:  1, 
absent  to  rare;  2,  scattered  foci  of  airway  epithelium  necrosis  and  sloughing;  and 
3,  multifocal  and  coalescing  to  circumferential  airway  epithelium  necrosis  and 
sloughing.  Data  from  the  mice  used  in  the  negative-control  (sham-treated)  and 
positive-control  (SARS-CoV  without  GRFT)  groups  were  included  in  a  previ¬ 
ously  published  study  (35). 

(vii)  Multiplex  cytokine  assay.  To  identify  changes  in  cytokine  protein  expres¬ 
sion,  we  performed  a  multiplex  bead-based  immunoassay  using  the  Bio-Plex 
cytokine  assay  (Bio-Rad  Laboratories)  as  previously  reported  (35).  Lung  tissue 
homogenates  were  studied  at  baseline  and  day  2,  day  4,  and  day  10  postinfection. 
The  Bio-Plex  cytokine  23-Plex  kit  measured  mouse  interleukin- la  (IL-la),  IL- 
10,  IL-2,  IL-3,  IL-4,  IL-5,  IL-6,  IL-9,  IL-10,  IL-l(p40),  IL-12(p70),  IL-13,  IL-17, 
eotaxin,  granulocyte  colony-stimulating  factor  (G-CSF),  granulocyte/macro¬ 
phage  CSF  (GM-CSF),  IFN-a,  KC,  monocyte  chemoattractant  protein  1  (MCP- 


25 


Downloaded  from  jvi.asm.org  at  UNIV  OF  LOUISVILLE  on  April  12,  2010 


2514 


O’KEEFE  ET  AL. 


J.  Virol. 


TABLE  1.  Antiviral  activity  of  griffithsin  against  distinct 
strains  of  SARS-CoV 


Strain 

EC50  (rrg/ml) 

IC50  ((xg/ml) 

SI 

Urbani 

0.61 

>100 

>164 

Tor-II 

0.61 

>100 

>164 

CuHK 

0.78 

>100 

>128 

Frank 

1.19 

>100 

>83 

1),  MIP-la,  MIP-ip,  RANTES,  and  tumor  necrosis  factor  alpha  (TNF-a)  ex¬ 
pression  patterns  and  was  used  following  the  manufacturer’s  instructions.  Fifty 
microliters  of  each  lung  tissue  homogenate  specimen  was  transferred  to  appro¬ 
priate  microtiter  wells  containing  diluted  antibody-coated  bead  complexes  and 
incubation  buffer.  Samples  were  incubated  for  30  min  at  room  temperature  and 
18  h  (both  in  the  dark)  at  4°C,  with  continuous  shaking.  Following  a  rinse  with 
wash  buffer,  25  (jlI  detection  antibody  was  added  to  each  well,  incubated  for  30 
min  at  room  temperature  (in  the  dark),  and  washed  as  described  above.  Next  50 
pi  of  streptavidin-phycoerythrin  was  added  to  all  wells  and  incubated  for  10  min 
at  room  temperature  (in  the  dark).  All  microtiter  wells  received  a  final  wash,  and 
beads  were  resuspended  in  125  pi  assay  buffer  and  analyzed  on  the  Bio-Plex 
suspension  array  system  using  Bio-Plex  Manager  software.  Cytokine  concentra¬ 
tions  were  automatically  calculated  based  on  standard  curve  data.  Data  from  the 
mice  used  in  the  negative-control  (sham-treated)  and  positive-control  (SARS- 
CoV  without  GRFT)  groups  were  included  in  a  previously  published  study  (35). 

(viii)  Statistical  analysis.  The  indicated  statistical  tests  were  used  in  experi¬ 
mental  analyses.  Student’s  t  test  was  applied  at  the  95%  confidence  level  ( P  < 
0.05)  to  each  paired  comparison  at  each  of  their  respective  time  points  using 
Excel.  Analysis  of  variance  (ANOVA)  was  applied  with  Bonferroni  correction 
for  multiple  comparisons. 


RESULTS 

GRFT  inhibits  in  vitro  infection  of  Coronaviridae.  In  initial 
studies  of  the  effect  of  GRFT  against  SARS-CoV  (Urbani 
strain),  GRFT  was  shown  to  potently  inhibit  the  cytopathic 
effect  of  SARS-CoV  on  Vero  76  cells  (38).  As  can  be  seen  in 
Fig.  2,  GRFT  reduced  the  percentage  of  cells  killed  by  SARS- 
CoV  (Urbani)  in  a  concentration-dependent  manner  (EC50  = 
48  nM)  while  showing  minimal  toxicity  to  the  control  cells.  The 
antiviral  activity  of  GRFT  against  SARS-CoV  was  not  limited 
to  the  Urbani  strain  of  the  virus,  as  three  additional  strains  of 
SARS-CoV  were  also  sensitive  to  GRFT  at  similarly  low  con¬ 
centrations  (Table  1).  In  addition,  GRFT  demonstrated  activ¬ 
ity  against  a  broad  spectrum  of  other  coronaviruses  that  infect 
mammals  and  birds  in  testing  using  a  variety  of  cell  lines.  Of 
the  coronaviruses  tested  several  were  susceptible  to  inhibition 
by  GRFT  below  the  lowest  dose  utilized  (~1  nM)  (Table  2).  It 
is  interesting  that  GRFT  mutants,  in  which  the  carbohydrate¬ 
binding  domains  were  altered  to  prevent  carbohydrate  binding, 
were  largely  inactive  against  coronaviruses  (EC50  of  >50  |jcg/ 
ml)  (data  not  shown).  Though  all  of  the  human  coronaviruses 
were  sensitive  to  GRFT  at  nanomolar  concentrations,  two 
coronaviruses,  infectious  bronchitis  virus  (IBV)  and  HCoV 
(NL63),  were  the  most  sensitive  to  inhibition  (EC50  of  <2.5 
nM  and  <0.25  nM,  respectively).  It  is  interesting  that  these 
viruses  belong  to  the  group  1  and  group  3  phylogenetic  groups 
of  the  Coronaviridae ,  respectively.  NL63  uses  the  ACE2  recep- 


TABLE  2.  Activity  of  GRFT  on  the  cytopathic  effects  of  selected  coronaviruses0 


Virus,  host,  and  treatment  compound 

Cytopathic  effect  assay 

Neutral  red  uptake  assay 

ec50 

ic50 

SI 

ec50 

ic50 

SI 

BCoV  in  human  ileocecal  colorectal  human 
adenocarcinoma  cells  (HRT-18G) 

GRFT 

0.057 

32 

560 

<0.032 

>100 

>3,100 

Ribavirin 

0.32 

50 

313 

<0.32 

30 

94 

IBV  (Connecticut  A5968)  in  chicken  embryonic  fibroblast 
cells  (UMNSAH/DF-1) 

GRFT 

<0.032 

68 

>2,100 

<0.032 

>100 

>3,100 

Multiferon 

0.0,012 

>0.03 

>25 

0.0,029 

>0.03 

>10 

MHV  (JHM)  in  mouse  embryonic  liver  cells  (BNL) 

GRFT 

0.23 

0.44 

1.9 

0.13 

2.5 

19 

Multiferon 

0.001 

>0.3 

>290 

0.0,012 

>0.3 

>260 

PCoV  (Miller)  in  pig  testis  fibroblast  cells  (ST) 

GRFT 

0.57 

57 

100 

0.77 

46 

59 

Multiferon 

0.000,095 

>0.03 

>320 

0.00,017 

>0.03 

>180 

HCoV  (OC43)  in  human  ileocecal  colorectal  human 
adenocarcinoma  cells  (HCT-8) 

GRFT 

0.16 

52 

320 

0.048 

>100 

>2,100 

Multiferon 

0.0,006 

>0.03 

>50 

0.0,008 

>0.03 

>37 

HCoV  (229E)  in  human  diploid  fibroblast  cells  (MRC-5) 
GRFT 

0.18 

>10 

>56 

0.33 

>10 

>30 

Ribavirin 

18 

>1,000 

>56 

26 

>1,000 

>38 

HCoV  (NL63)  in  rhesus  monkey  kidney  cells  (LLC-MK2) 
GRFT 

<0.0,032 

10 

>3,100 

<0.0,032 

>10 

>3,100 

Ribavirin 

0.63 

320 

500 

1.6 

120 

77 

a  EC50s  and  IC50s  are  shown  in  micrograms  per  milliliter  for  GRFT  and  ribavirin  and  in  international  units  per  milliliter  for  multiferon. 
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FIG.  3.  Griffithsin  binds  directly  to  SARS-CoV  spike  glycoprotein 
in  a  carbohydrate-dependent  manner.  Griffithsin  bound  directly  to 
recombinant  SARS-CoV  spike  protein  (produced  in  a  baculovirus 
expression  system)  (•)  (A),  and  this  binding  was  shown  to  be  inhibited 
by  increasing  concentrations  of  mannose  (•)  (B)  compared  to  the 
bovine  serum  albumin  controls  (■)  (A  and  B). 


tor  for  binding  (21),  but  IBV  uses  a  receptor  possessing  a-2,3- 
linked  sialic  acid  residues  (34).  Thus,  at  the  receptor  level,  the 
two  viruses  appear  to  have  nothing  in  common,  other  than 
their  susceptibility  to  inhibition  by  carbohydrate-binding 
agents  such  as  GRFT  (13,  32).  In  addition,  GRFT  was  shown 
to  be  active  against  both  group  1  and  2  Coronaviridae  which 
utilize  different  mechanisms  for  proteolytic  cleavage  of  the 
spike  glycoprotein  (9). 

GRFT  binds  directly  to  the  SARS-CoV  spike  glycoprotein. 

To  determine  if  the  activity  of  GRFT  against  SARS-CoV  was 
due  to  specific  interactions  with  the  spike  glycoprotein,  ELISA 
studies  utilizing  recombinant  SARS-CoV  spike  glycoprotein 
were  performed  which  showed  that  GRFT  binds  to  this  protein 
in  a  concentration-dependent  manner  (Fig.  3A).  Additional 
experiments  showed  that  this  binding  interaction  could  be  in¬ 
hibited  by  the  addition  of  excess  mannose,  thereby  indicating 
that  the  association  between  GRFT  and  SARS-CoV  spike 
glycoprotein  is  carbohydrate  dependent  (Fig.  3B).  It  should  be 


Time  (min) 

0  20  40  60  80  100  120  140 


FIG.  4.  Isothermal  titration  calorimetry  measuring  the  binding 
interaction  between  GRFT  and  SARS-CoV  spike  glycoprotein. 
(A)  Heat  of  interaction  of  multiple  injections  of  GRFT  into  a  solution 
of  SARS-CoV  spike  shows  a  saturable  binding  interaction  between 
GRFT  and  S.  (B)  Plotted  thermogram  of  the  saturable  binding  of 
GRFT  and  SARS-CoV  spike  from  which  affinity  constants  and  stoi¬ 
chiometry  are  determined.  The  other  thermodynamic  parameters  (free 
energy  of  binding  and  entropy  values)  were  calculated  using  AG  = 
-RTlnKa,  AG  =  AH  -  TAS,  andR  =  1.985  cal/(mol  ■  K).  (Table  3  has 
more  data.) 


noted,  however,  that  the  expression  of  the  SARS-CoV  spike 
glycoprotein  in  a  baculovirus  expression  system  could  alter  its 
glycosylation.  Finally,  ELISA  studies  were  performed  to  deter¬ 
mine  if  the  binding  of  GRFT  to  SARS-CoV  S  glycoprotein  was 
sufficient  to  inhibit  the  subsequent  binding  of  the  host  cell 
receptor  human  ACE2  to  S.  These  studies  indicated  that 
GRFT  was  unable  to  significantly  inhibit  the  binding  of  the 
SARS-CoV  S  glycoprotein  to  ACE2  (data  not  shown).  The 
inability  of  GRFT  to  inhibit  S  binding  to  ACE2  is  similar  to 
previous  results  with  HIV-1  in  which  GRFT  did  not  signifi¬ 
cantly  inhibit  the  binding  of  gpl20  to  CD4  (17). 

GRFT  binds  to  SARS-CoV  spike  glycoprotein  at  multiple 
sites  with  high  affinity.  Since  previous  studies  with  carbohy¬ 
drate-binding  proteins  and  HIV  gpl20  have  shown  the  impor¬ 
tance  of  multiple  binding  interactions  between  these  proteins 
and  specific  oligosaccharides  on  the  envelope  glycoprotein 
(26),  we  undertook  isothermal  titration  calorimetric  studies 
with  recombinant  SARS-CoV  spike  and  GRFT.  The  results  of 
this  experiment  provided  the  binding  stoichiometry  between 
these  two  proteins  and  also  showed  that  GRFT  interactions 
with  spike  are  enthalpically  driven  (Fig.  4),  resulting  in  a  dis¬ 
sociation  constant  (Kd)  of  24.9  nM  (Table  3).  The  binding 
interaction  of  GRFT  with  SARS-CoV  S  was  compared  to  that 
of  GRFT  with  HIV-1  gpl20.  The  results  show  that  GRFT  has 
an  — 10:1  binding  stoichiometry  with  gp!20  compared  to  a  3:1 


27 


Downloaded  from  jvi.asm.org  at  UNIV  OF  LOUISVILLE  on  April  12,  2010 


2516 


O’KEEFE  ET  AL. 


J.  Virol. 


TABLE  3.  Thermodynamic  parameters  of  GRFT-spike  and  GRFT-gpl20  binding  interactions 


Envelope  protein 

Affinity,  Kd 
(nM) 

Enthalpy,  A H 
(kcal/mol) 

Entropy  ( TAS ) 
(kcal/mol) 

Free  energy  (A Ga) 
(kcal/mol) 

Stoichiometry 
(GRFT:Env  protein) 

HIV-l  gpl20 

SARS  CoV  spike 

8.2  ±  4.3 

24.9  ±  2.0 

-30.40  ±  0.26 
-23.10  ±  0.50 

-19.16  ±  0.28 
-12.76  ±  0.50 

-11.20  ±  0.28 
-10.40  ±  0.05 

10.46  ±  0.18 
2.97  ±  0.12 

“  AG  =  -RTlnKa. 


binding  stoichiometry  with  S,  a  finding  which  suggests  a  greater 
presence  of  high-mannose  oligosaccharides  on  gpl20  than  on 
S.  In  line  with  the  greater  binding  enthalpy  (A H)  for  GRFT 
with  gpl20,  the  dissociation  constant  for  gpl20  was  tighter  (8.2 
nM)  than  that  seen  with  S. 

GRFT  pretreatment  prevents  lethal  pulmonary  infection  in 
mice.  The  mouse-adapted  MA15  SARS-CoV  causes  a  dose- 
dependent  lung  disease  and  significant  morbidity  and  mortality 
in  BALB/c  mice  (23).  Groups  of  mice  were  inoculated  with  3  X 
105  PFU  of  virus,  a  dose  previously  shown  to  cause  at  least 
75%  mortality  (35).  One  group  of  mice  received  concomitant 
treatment  with  intranasally  administered  GRFT  peptide  as 
described  in  Materials  and  Methods.  As  shown  in  Fig.  5A, 
MA15-infected  mice  began  to  lose  weight  within  2  to  3  days  of 
inoculation,  and  this  continued  until  they  died  from  the  infec¬ 
tion  or  recovered.  Figure  5B  shows  the  survival  curve  for  sham- 
treated,  SARS-CoV-infected,  and  GRFT-treated  mice.  In  con¬ 
trast  to  the  outcomes  in  untreated  mice,  animals  that  received 
GRFT  4  h  before  inoculation  with  MA15  followed  by  twice- 
daily  treatment  for  4  days  did  not  lose  weight  and  exhibited 


100%  survival.  Animals  receiving  sham  treatment  or  GRFT 
treatment  alone  survived  and  exhibited  no  weight  loss.  We 
evaluated  MA15  titers  in  lung  tissue  0,  2,  and  4  days  postin¬ 
oculation.  As  shown  in  Fig.  5C,  GRFT  treatment  significantly 
diminished  the  tissue  virus  titers  on  day  2  postinfection  (mean 
virus  titers  [PFU/g  tissue]:  GRFT  plus  SARS-CoV,  day  2, 
4.2  X  106,  and  day  4,  2.9  X  106;  SARS-CoV  alone,  day  2,  8.5  X 
107,  and  day  4,  1.1  X  107).  In  agreement  with  this  observation, 
GRFT-treated  animals  also  had  reduced  pulmonary  viral  an¬ 
tigen  load  assessed  by  localization  of  the  SARS-CoV  N  gene 
antigen  by  immunohistochemistry  (Fig.  6). 

GRFT  treatment  decreases  pulmonary  pathology  during 
SARS-CoV  infection.  In  humans  and  animal  models  SARS- 
CoV  causes  significant  pathological  changes  in  pulmonary  tis¬ 
sues,  characterized  by  necrotizing  bronchiolitis,  perivascular 
cellular  inflammation,  and  alveolar  edema  (7,  14,  23).  We 
assessed  pulmonary  histopathology  at  2,  4,  and  10  days  postin¬ 
fection  in  untreated,  sham-treated  (no  virus),  and  GRFT- 
treated  animals.  Mice  receiving  GRFT  alone  developed  a 
modest  level  of  perivascular  infiltrate  that  was  largely  resolved 


day  post  infection 
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FIG.  5.  GRFT  treatment  protects  mice  against  morbidity  from  SARS-CoV  infection.  Mice  were  treated  with  sham  control  (no  virus),  GRFT 
alone,  SARS-CoV  alone,  or  GRFT  followed  with  SARS-CoV  infection  as  described  in  Materials  and  Methods.  Animals  were  monitored  daily  for 
weight  loss  (A)  and  survival  (B).  GRFT-treated  mice  exhibited  no  weight  loss.  SARS-CoV-infected  mice  without  GRFT  treatment  had  a  30% 
survival  rate  and  a  —25%  decrease  in  weight  in  those  that  survived.  Lung  tissue  was  harvested  from  mice,  and  viral  titer  levels  were  determined 
(C).  Results  in  panels  A  and  C  are  presented  as  means  ±  standard  errors,  n  =  7  in  panels  A  and  B,  and  n  =  3  in  panel  C.  *,  P  <  0.05  by  t  test 
or  ANOVA. 
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FIG.  6.  SARS  N  gene  product  in  lung  tissue.  Antigen  labeling  (brown  stain)  was  detected  primarily  in  lungs  infected  with  SARS-CoV  at  day 
2  and  day  4  postinfection  (C  and  F),  mainly  in  airway  epithelial  cells  and  sloughed  cells  within  the  airway  lumen  (indicated  by  arrows)  compared 
to  lungs  treated  with  vehicle  (A  and  D).  Lungs  treated  with  GRFT  and  infected  with  SARS-CoV  exhibited  limited  N  antigen  expression  (B  and 
E).  n  =  3  at  each  time  point.  Scale  bar  =  100  p.M. 


by  10  days  (6  days  following  the  last  dose  of  GRFT)  (Fig.  7).  In 
contrast,  mice  treated  with  SARS-CoV  alone  manifested 
necrotizing  bronchiolitis,  perivascular  infiltrates,  and  alveolar 
edema  that  were  resolving  by  10  days  postinfection  (in  surviv¬ 
ing  animals).  While  mice  receiving  GRFT  treatment  and 
SARS-CoV  exhibited  robust  perivascular  infiltrates  at  levels 
greater  than  those  with  SARS-CoV  alone,  possibly  due  to  the 
increased  immunogenicity  of  GRFT-aggregated  viral  particles, 
the  GRFT-treated  mice  had  reduced  levels  of  pulmonary 
edema  at  both  2  and  4  days  postinfection  and  reduced  severity 
of  necrotizing  bronchiolitis  at  2  days  postinfection.  The  histo- 
pathology  scores  are  presented  graphically  in  Fig.  8. 

GRFT  treatment  modifies  cytokine  responses  in  infected 
lung  tissue.  It  has  been  hypothesized  that  the  morbidity  and 
mortality  associated  with  SARS-CoV  infection  originate  from 
maladaptive  cytokine/chemokine  responses  or  suppression  of 
innate  immune  responses  (6,  20).  We  measured  cytokine  levels 
in  pulmonary  tissue  homogenates  2  and  4  days  following  MA15 


inoculation.  As  shown  in  Fig.  9  (top  panels),  mice  treated  with 
GRFT  and  exposed  to  SARS-CoV  showed  significantly  re¬ 
duced  levels  of  MIP-la  at  day  2  postinfection  compared  to 
SARS-CoV  alone.  IL-la  and  -0,  RANTES,  MCP-1,  IL- 
12(p40),  IL-6,  and  G-CSF  also  showed  downward  trends  in 
GRFT-treated  mice  compared  to  SARS-CoV  at  day  2  p.i.,  but 
the  differences  were  not  statistically  significant.  At  4  days  p.i. 
(Fig.  9,  bottom  panels),  several  cytokines  were  significantly 
reduced  in  GRFT-treated  animals  compared  to  those  infected 
with  SARS-CoV  alone,  including  IL-la  and  -0,  IL-6,  G-CSF, 
MCP-1,  and  IL-12(p40). 

DISCUSSION 

The  potent  antiviral  lectin  GRFT  displayed  low  nanomolar 
activity  against  SARS-CoV  (Urbani  strain)  with  an  EC50  of 
0.61  pg/ml  (48  nM).  Previously,  we  had  speculated  that  GRFT 
would  be  likely  to  have  activity  against  SARS-CoV  due  to  its 


FIG.  7.  Lung  tissue  histopathology  in  SARS-CoV-infected  mice  with  or  without  GRFT  treatment.  Hematoxylin-and-eosin-stained  tissues  were 
examined  2,  4,  and  10  days  postinfection.  See  Results  for  additional  experimental  details.  Representative  histopathology  in  sham-treated  (A,  E, 
and  I),  GRFT  control-treated  (B,  F,  and  J),  and  SARS-CoV-infected  mice  with  (C,  G,  and  K)  or  without  (D,  H,  and  L)  GRFT  treatment.  Arrows 
indicate  necrotizing  bronchiolitis;  asterisks  indicate  alveolar  edema,  n  =  4  at  each  time  point.  Scale  bar  =  100  p,M. 
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FIG.  8.  Pulmonary  histopathology  scores  in  SARS-CoV-infected  mice  with  or  without  GRFT  treatment.  Tissues  were  harvested  2  and  4  days 
postinfection  and  scored  as  described  in  Materials  and  Methods  for  evidence  of  alveolar  edema  (A),  perivascular  cellular  infiltrates  (B),  and 
necrotizing  bronchiolitis  (C).  Results  are  presented  as  means  ±  standard  errors,  n  =  4;  *,  P  <  0.05,  by  two-way  ANOVA  with  Bonferroni  posttest 
correction. 


carbohydrate  specificity  and  the  known  carbohydrate  compo¬ 
nents  of  the  SARS-CoV  envelope  glycoprotein  S  (17).  Extend¬ 
ing  our  previous  work  (38),  here  we  detail  the  activity  of  GRFT 
against  several  strains  of  SARS-CoV  and  show  consistent  ad¬ 
vantageous  selectivity  indices  for  all  of  the  tested  strains  (Table 
1).  The  carbohydrate-binding  agent  Urtica  dioica  agglutinin 
(UDA)  has  been  reported  by  others  to  display  anti-SARS-CoV 
activity  (33),  but  the  concentrations  necessary  for  inhibition 
were  significantly  higher  than  those  that  we  report  here  for 
GRFT.  This  difference  in  activity  could  be  attributed  to  the 
multivalent  interactions  that  the  three  independent  carbohy¬ 
drate-binding  sites  afford  GRFT  (Fig.  1).  Other  agents  re¬ 
ported  to  show  activity  against  SARS-CoV,  including  SARS- 
CoV  protease  inhibitors  (2)  and  SARS-specific  heptad  repeat 
peptides  (3),  also  show  such  activity  only  at  significantly  higher 
molar  concentrations  than  GRFT.  Though  human  recombi¬ 
nant  alpha  interferon  (multiferon)  and  other  host-targeted 
agents  have  demonstrated  anti-SARS  activity  at  low  concen¬ 
trations  (Table  2),  their  potency  does  not  significantly  exceed 
that  displayed  by  GRFT,  which  directly  targets  viral  envelope 
glycoproteins. 

In  addition  to  GRFT’s  activity  against  SARS-CoV,  GRFT 
demonstrated  broad-spectrum  activity  against  a  variety  of 
Coronaviridae,  including  those  recently  identified  as  human 
pathogens  (Table  2).  Both  group  1  and  group  2  coronaviruses 
were  susceptible  to  GRFT  with  similarly  low  nanomolar  sen¬ 
sitivities.  GRFT  was  active  against  coronavirus  strains  that 
utilize  protein-protein  interactions  for  viral  targeting  (e.g., 
ACE2  as  a  cellular  receptor,  SARS-CoV,  and  HCoV-NL63) 


and  those  that  utilize  protein-carbohydrate  interactions  for 
viral  attachment  (i.e.,  a-2,3-linked  sialic  acid  moieties,  IBV- 
CoV,  and  FICoV-OC43).  The  broad  range  of  Coronaviridae 
species  sensitive  to  GRFT  is  a  significant  attribute  for  this 
antiviral  protein,  as  this  group  of  viruses  appears  to  be  capable 
of  continuing  zoonotic  evolution  and  transfer  to  human  hosts 
(24).  GRFT  was  active  against  several  coronaviruses  at  con¬ 
centrations  less  than  the  lowest  tested  concentration,  with 
HCoV-NL63,  a  strain  recently  identified  as  a  human  pathogen 
(31),  displaying  the  greatest  sensitivity  (EC50  of  <0.0032  p,g/ml 
[0.25  nM]). 

The  molecular  target  through  which  GRFT  appears  to  me¬ 
diate  its  anticoronavirus  activity  is  the  surface  envelope  glyco¬ 
protein  spike  (S).  GRFT  binds  directly  to  S  as  shown  by  ELISA 
studies  showing  the  concentration-dependent  binding  to  re¬ 
combinant  S  (Fig.  3A).  This  mechanism  is  consistent  with  our 
previous  studies  of  the  mechanism  of  GRFT  inhibition  of  HIV 
that  revealed  that  GRFT  binds  to  HIV-1  gpl20  and  prevents 
viral  entry  (18,  38).  As  with  gpl20,  GRFT  appears  to  bind  to  S 
via  interaction  with  oligosaccharide  moieties.  Here  we  show 
that  the  binding  of  GRFT  to  S  can  indeed  be  inhibited  by 
millimolar  concentrations  of  mannose  (Fig.  3B).  GRFT  is 
known  to  bind  to  select  monosaccharides  (mannose,  glucose, 
and  V-acetylglucosamine)  in  a  multivalent  manner  via  its  three 
independent  carbohydrate-binding  domains  (Fig.  1)  (37).  The 
unique  equatorial  triangular  orientation  of  these  three  sites 
has  been  shown  to  be  ideally  situated  so  as  to  allow  for  en¬ 
gagement  of  multiple  triantennary  arms  of  specific  high-man- 
nose  oligosaccharides  such  as  oligomannose  9  (38).  The  oligo- 
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FIG.  9.  GRFT  modifies  pulmonary  cytokine  responses  to  SARS-CoV  infection.  Tissues  were  harvested  at  days  2  (A  and  B)  and  4  (C  and  D) 
postinfection,  and  cytokine  responses  were  assessed  by  multiplex  analysis  of  tissue  homogenates  as  described  in  Materials  and  Methods.  Results 
are  shown  for  sham  (PBS  alone),  GRFT  alone,  SARS-CoV  with  GRFT  treatment,  and  SARS-CoV  alone.  The  x  axis  legend  for  day  4  applies  to 
the  corresponding  panels  above  for  day  2.  Note  differences  in  scale  on  left  and  right  panels.  Results  are  presented  as  means  ±  standard  errors. 
n  =  3/group;  *,  P  £  0.05  by  f  test. 


saccharide  component  of  SARS-CoV  S  has  been  previously 
reported  to  contain  multiple  high-mannose  oligosaccharides  to 
which  GRFT  might  bind  (11).  In  isothermal  titration  calorim¬ 
etry  studies  of  the  GRFT/S  binding  interactions,  we  deter¬ 
mined  that  GRFT  binds  to  S  with  a  stoichiometry  of  3:1, 
indicating  that  there  are  multiple  binding  sites  for  GRFT  on  S 
(Table  3).  In  this  same  study  GRFT  was  shown  to  bind  to  S 
with  a  dissociation  constant  of  24.9  nM  (Table  3).  This  affinity 
is  weaker  than  that  between  GRFT  and  HIV  gpl20,  an  inter¬ 
action  that  was  shown  to  have  a  stoichiometry  of  —10:1.  The 
difference  in  the  affinity  for  GRFT  between  the  two  envelope 
glycoproteins  is  likely  responsible  for  the  difference  seen  in  the 
antiviral  activity  of  GRFT  against  HIV  (0.048  to  0.63  nM)  (17) 
and  SARS-CoV  (48  to  94  nM).  Finally,  we  found  that  GRFT 
does  not  inhibit  the  interaction  between  the  SARS-CoV  S 
protein  and  the  cellular  receptor  ACE2  (data  not  shown). 
Thus,  the  interaction  between  GRFT  and  S  results  in  a  com¬ 
plex  that,  though  still  able  to  bind  to  ACE2,  may  prevent  the 
subsequent  steps  necessary  for  viral  entry.  The  activity  of 
GRFT  against  IBV  suggests  that  this  perturbation  of  viral 
entry  by  GRFT  may  be  independent  of  the  specific  cellular 
receptor  to  which  S  binds.  This  mechanism  would  be  similar  to 
that  seen  with  GRFT  and  HIV  wherein  GRFT  binding  to 
gpl20  does  not  prevent  the  subsequent  binding  of  gpl20  to  the 
cellular  receptor  CD4  and  where  GRFT  activity  is  independent 
of  the  chemokine  receptor  tropism  (CCR5  or  CXCR4)  of 
individual  strains  of  HIV-1  (17,  34). 


The  potent  in  vitro  activity  of  GRFT  against  SARS-CoV  was 
confirmed  using  a  mouse  model  system  recently  shown  to  re¬ 
capitulate  several  aspects  of  the  physiology  of  human  disease, 
including  a  robust  pulmonary  disease  component  (23,  24).  This 
mouse  model  was  previously  used  to  examine  the  impact  of 
prior  infection  with  SARS-CoV  on  immune  responses  and 
survival  following  subsequent  reexposure  to  the  virus  (23,  24). 
Previously  our  group  has  shown  that  intranasal  administration 
of  the  antiviral  lectin  cyanovirin-N  (CV-N)  was  efficacious  in 
the  prevention  of  mortality  in  mice  infected  with  a  lethal  strain 
of  influenza  virus  H1N1  (28),  and  so,  for  the  current  study, 
GRFT  was  administered  to  mice  via  an  intranasal  route. 

These  studies  showed  that  GRFT  protected  mice  from  a 
lethal  inoculum  of  mouse-adapted  SARS-CoV.  Remarkably, 
100%  of  the  animals  treated  with  10  mg/kg/day  GRFT  survived 
viral  challenge,  in  contrast  to  only  30%  of  control  animals  (Fig. 
5B).  The  improved  survival  was  further  mirrored  by  prevention 
of  weight  loss  and  an  improvement  in  lung  histopathology 
scores  and  a  reduction  in  lung  tissue  virus  titers  (Fig.  5A  and  C 
and  Fig.  8),  which  indicated  that,  though  GRFT-treated  ani¬ 
mals  were  infected  by  SARS-CoV,  drug  treatment  significantly 
modified  the  disease  course  and  outcome. 

While  studies  of  the  prevention  or  treatment  of  SARS-CoV 
lung  disease  have  been  hampered  by  the  lack  of  animal  models 
that  faithfully  recapitulate  the  features  of  human  disease,  sev¬ 
eral  agents  have  shown  some  efficacy  in  modifying  disease 
outcomes.  These  include  alpha  interferon  (10),  small  interfer- 
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mg  RNA  (siRNA)  (15),  and  passive  immunization  (16,  30). 
Furthermore,  in  a  previous  study  we  showed  that,  during  a 
simultaneous  experiment,  the  cyclic  antimicrobial  peptide  rhe¬ 
sus  theta-defensin  did  not  afford  the  complete  protection  from 
the  morbidity  of  SARS-CoV  infections  seen  with  GRFT  (34). 
Our  studies  with  a  robust  model  of  SARS-CoV  lung  disease 
suggest  that  GRFT  may  modify  disease  outcome  by  more  than 
one  mechanism.  First,  by  binding  to  the  spike  glycoprotein  and 
interfering  with  productive  infection,  GRFT  may  reduce  the 
overall  virus  burden  during  the  first  and  subsequent  rounds  of 
infection.  The  reduced  virus  load  in  the  lung  at  days  2  and  4  is 
consistent  with  this  idea.  In  addition,  enhanced  peribronchial 
mononuclear  cell  infiltration  and  modification  of  cytokine  re¬ 
sponses  suggest  that  GRFT  also  is  immunomodulatory.  Stim¬ 
ulation  of  leukocyte  infiltration  has  been  reported  following 
high-dose  topical  application  of  GRFT  to  rabbit  (but  not  hu¬ 
man)  cervical  mucosa  (18). 

GRFT  is  currently  being  developed  for  potential  use  as  an 
anti-HIV  microbicide,  and  a  recent  report  demonstrates  the 
feasibility  of  large-scale  production  and  purification  from  Nico- 
tiana  benthamia  plants  (18).  This  new  production  stream  for 
GRFT  greatly  enables  future  development  efforts  based 
on  GRFT’s  activity  against  enveloped  viruses.  Here  we  report 
that  GRFT  shows  remarkable  efficacy  against  lethal  SARS- 
CoV  infection  and  was  potently  active  against  a  broad  spec¬ 
trum  of  human  coronaviruses  and  other  animal  coronaviruses. 
Several  questions  remain,  however,  for  the  potential  develop¬ 
ment  of  GRFT  for  use  in  the  treatment  of  respiratory  infec¬ 
tions  by  coronaviruses.  Though  GRFT  completely  protected 
animals  from  SARS-CoV-induced  death,  the  presence  of 
perivascular  infiltrates  in  GRFT-treated  animals  will  need  to 
be  further  characterized.  Since  GRFT-treated  infected  animals 
recover,  this  suggests  that  these  cellular  infiltrates  may  mediate 
protective  immunity  to  SARS-CoV.  Further,  we  used  10-mg/ 
kg/day  GRFT  treatment  in  the  in  vivo  studies  reported  here, 
but  it  is  possible  that  lower  doses  of  GRFT  treatment  would  be 
equally  efficacious.  In  summary,  the  antiviral  protein  GRFT 
shows  noteworthy  activity  against  Coronaviridae  mediated  via  a 
novel  mechanism  of  action.  Its  outstanding  in  vivo  efficacy  in 
SARS-CoV-infected  mice  suggests  that  this  antiviral  agent 
merits  further  investigation  for  the  prophylaxis  or  treatment  of 
respiratory  infection  by  susceptible  viruses. 
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23  Abstract 

24  The  actinomycete-derived  lectin  actinohivin  (AH)  is  highly  specific  to  a  cluster  of  high- 

25  mannose-type  glycans  uniquely  found  on  the  HIV-1  envelope  (Env).  Two  validated  in  vitro 

26  assays  based  on  human  peripheral  blood  mononuclear  cell  (hPBMC)  infection  with  primary 

27  isolates  and  TZM-bl  cell  infection  with  Env-pseudotyped  viruses  were  employed  to  characterize 

28  AH’s  anti-HIV-1  activity.  In  hPMBCs,  AH  exhibited  nanomolar  neutralizing  activity  against 

29  primary  viruses  with  diverse  cellular  tropisms,  but  did  not  cause  mitogenicity  or  cytotoxicity  often 

30  associated  with  other  anti-HIV  lectins.  In  the  TZM-bl-based  assay,  AH  showed  broad  anti-HIV-1 

31  activity  against  mucosally  transmitting  strains  of  clades  B  and  C,  but  not  clade  A.  Correlation 

32  analysis  suggested  that  HIV-l’s  AH  susceptibility  is  linked  to  the  A/-glycans  at  the  Env  C2  and 

33  V4  regions.  To  facilitate  our  further  investigation  of  AH,  we  evaluated  tobacco  mosaic  virus 

34  (TMV)-based  expression  of  recombinant  (r)AH  in  Nicotiana  benthamiana  plants.  Biochemical 

35  analysis  and  a  syncytium  formation  assay  demonstrated  high-level  expression  of  functional  rAH 

36  within  6  days.  Taken  together,  our  study  revealed  AH’s  cross-clade  anti-HIV-1  activity,  apparent 

37  lack  of  side  effects  common  to  lectins,  and  robust  producibility  using  plant  biotechnology.  These 

38  findings  justify  further  efforts  to  develop  rAH  toward  candidate  HIV-1  microbicides. 

39 

40 
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41  Introduction 

42  For  nearly  30  years,  HIV  has  posed  serious  global  health  concerns.  Millions  of  new  HIV 

43  infections  are  reported  every  year  worldwide,  mainly  in  developing  regions  where  the  availability 

44  of  antiretroviral  drug  therapies  is  extremely  limited.  As  a  result,  AIDS  is  among  the  leading 

45  causes  of  death  in  these  regions  (1).  The  majority  of  infections  are  established  via  heterosexual 

46  transmission  and  condom  use  is  currently  the  only  available  means  to  directly  block  this  route  of 

47  infection.  As  such,  the  need  is  urgent  for  woman-controlled,  safe,  effective,  and  inexpensive 

48  topical  microbicides,  until  prophylaxis  through  vaccination  becomes  globally  available  (2,  3). 

49  Current  candidate  microbicides  under  development  encompass  chemical  and  physical 

50  agents  as  well  as  biologicals,  including  virion-inactivating  agents,  entry/fusion  inhibitors,  reverse 

51  transcriptase  inhibitors,  and  others  (www.microbicide.org).  At  this  point,  it  is  not  known  which 

52  type  of  anti-HIV  agents  will  be  most  effective  as  topical  microbicides;  blocking  of  HIV-1  mucosal 

53  transmission  may  require  combinations  of  multiple  agents  (4,  5).  Therefore,  to  broaden  the 

54  options  for  different  combinations  in  HIV-1  microbicide  development,  it  is  important  to  expand 

55  the  candidate  portfolio  in  each  category  of  possible  microbicide  components. 

56  The  envelope  (Env)  gp120  is  heavily  glycosylated  with  AMinked  glycans  (NLGs),  which 

57  generally  account  for  more  than  half  of  the  protein’s  molecular  mass  (6).  Of  these,  HMGs 

58  represent  a  major  class.  Because  the  Env  glycans  play  critical  roles  in  broad  aspects  of  the  viral 

59  life  cycle  ranging  from  Env  folding  in  host  cells  to  viral  transmission  and  immune  escape  (7), 

60  they  constitute  an  attractive  target  for  entry/fusion  inhibitor-based  microbicide  development. 

61  Therefore,  lectins  have  attracted  considerable  attention.  Various  naturally  occurring  lectins 

62  have  been  shown  to  possess  anti-HIV  activities.  Examples  include  algae-derived  cyanovirin-N 

63  (CV-N)  and  griffithsin  (GRFT)  as  well  as  plant-derived  concanavalin  A  (Con  A)  and  snowdrop 
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64  lectin,  among  others  (reviewed  in:  (7)).  More  recently,  a  Jacalin-related  lectin  isolated  from  the 

65  banana  fruit  was  shown  to  potently  inhibit  HIV-1  entry  into  target  cells  (8).  Although  conceptually 

66  not  a  lectin,  the  human  monoclonal  antibody  (mAb)  2G12  specifically  binds  to  gp120  HMGs  and 

67  is  a  member  of  the  very  few  broadly  neutralizing  mAbs  isolated  to  date  (9,  10). 

68  AH  was  isolated  from  the  actinomycete  strain  Longispora  albida  K97-00031  based  on  the 

69  inhibitory  activity  in  a  syncytium  formation  assay  (1 1 ).  Unlike  other  anti-HIV  lectins  reported  to 

70  date  (7),  AH  specifically  recognizes  a  cluster  of  multiple  HMGs  via  its  three  sugar-binding  sites 

71  (12,  13).  Because  clustering  HMGs  is  a  unique  feature  of  Env  glycans  and  not  usually  found  on 

72  host  human  proteins  (14),  AH  is  hypothesized  to  be  a  superior  anti-HIV-1  lectin  with  exquisite 

73  specificity  to  the  virus;  hence,  it  may  be  devoid  of  unfavorable  biological  impacts  in  humans. 

74  In  spite  of  the  detailed  studies  in  AH’s  carbohydrate-binding  specificity  (12,  13,  15),  limited 

75  investigation  has  been  reported  with  regard  to  the  protein’s  anti-HIV  activity  in  a  syncytium 

76  formation  assay  and  in  a  multinuclear-activation-of-galactosidase-indicator  (MAGI)  assay  (15). 

77  Because  there  is  currently  no  in  vitro  assay  that  can  accurately  predict  in  vivo  efficacy  of  a 

78  candidate  anti-HIV-1  agent,  it  is  important  to  evaluate  the  activity  of  a  potential  anti-HIV 

79  compound  in  multiple  in  vitro  assay  systems  that  closely  simulate  the  in  vivo  situation  and 

80  analyze  anti-HIV-1  activity  in  a  broad-spectrum  of  clinically  relevant  viruses  from  different  clades 

81  (16).  Another  important  factor  for  a  protein-based  microbicide  candidate  is  the  development  of 

82  an  efficient,  cost-effective  recombinant  expression  system  that  is  compatible  with  extensive 

83  preclinical  and  clinical  studies,  global  distribution,  and  molecular  design  for  the  construction  of 

84  stronger  and/or  safer  derivatives. 

85  Thus,  the  primary  objectives  of  our  study  were  to  reveal  AH’s  anti-HIV-1  potential  in 

86  validated  in  vitro  neutralization  assay  systems  and  to  develop  a  robust  expression  platform  for 

87  rAH.  To  this  end,  we  employed  a  human  peripheral  blood  mononuclear  cell  (hPBMC)-based 
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88  neutralization  assay  using  primary  HIV-1  isolates  and  a  reporter  gene  expressing  TZM-bl  cell- 

89  based  neutralization  assay  using  Env-pseudotyped  viruses  from  diverse  clades,  including 

90  clinically  relevant  C-C  chemokine  receptor  5-tropic  (R5)  HIV-1  strains.  For  recombinant 

91  expression  of  AH,  we  tested  a  rapid  and  robust  tobacco  mosaic  virus  (TMV)-based  expression 

92  system  in  Nicotiana  benthamiana  plants.  Thus,  we  provide  data  implicating  the  feasibilities  of 

93  AH  in  terms  of  its  efficacy  and  production  viability.  In  addition,  we  performed  a  preliminary 

94  analysis  of  AH  to  screen  for  potential  side  effects  commonly  noted  with  antiviral  lectins,  i.e., 

95  cytotoxicity  and  mitogenic  activity  in  hPBMCs. 

96 

97  Materials  and  Methods 

98  The  hPBMC-based  primary  HIV-1  neutralization  assay 

99  The  hPBMCs  used  in  the  HIV  neutralization  assay  and  proliferation  analysis  described 

100  below  were  purchased  from  the  local  blood  center  as  an  otherwise-discarded  by-product  of 

101  unsolicited  blood  donations.  No  information  about  identity  of  the  donors  was  available  to  the 

102  investigators. 

103  The  assay  was  conducted  essentially  as  described  in  D’Souza  et  al.  (17)  and  Mascola  et  al. 

104  (18).  Accordingly,  the  infectious  viruses  were  produced  in  hPBMCs.  The  hPBMCs  were 

105  prepared  from  buffy  coats  using  Lymphocyte  Separation  Medium  (LSM;  Cappel,  Aurora,  OH). 

106  To  reduce  variation  of  data  from  different  cell  preparations,  the  cell  samples  from  four  different 

107  donors  were  pooled  and  frozen  so  that  a  series  of  experiments  was  performed  using  the  same 

108  hPBMC  pool.  An  inoculum  of  100  50%  tissue  culture  infectious  dose  (TCID50)  of  HIV-1  was 

109  mixed  with  test  samples  and  incubated  for  1  h  at  37°C.  Next,  3x1 05  of  phytohemagglutinin 

110  (PHA)-stimulated  hPBMCs  were  added  and  incubated  for  72  h,  and  washed  to  remove  residual 
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111  virus/sample  inoculum.  After  an  additional  24-h  incubation,  cells  were  lysed  and  p24  was 

112  quantified  using  a  Beckman  Coulter  (Fullerton,  CA)  HIV-1  p24  Antigen  Assay  Research 

113  Component  Kit.  Neutralization  was  defined  as  the  percent  reduction  in  the  amount  of  p24 

114  detected  with  the  test  samples  as  compared  to  control.  Inhibitory  concentrations  of  50%  (IC50) 

115  were  determined  via  nonlinear  regression  analysis  using  the  GraphPad  Prism  5  (GraphPad 

116  Software,  La  Jolla,  CA).  Samples  were  analyzed  in  quadruplicate.  In  each  assay,  anti-clusters  of 

117  differentiation  antigen  4  (CD4)  mAb  B4  was  used  as  a  positive  control  (19).  To  minimize  inter- 

118  assay  variations  of  neutralization  activity,  sample  IC50s  were  normalized  using  B4  IC50  values 

119  obtained  in  each  assay. 

120 

121  Cytotoxicity  and  mitogenic  activity  in  hPBMCs 

122  For  cytotoxicity  analysis,  the  CytoTox-ONE™  Homogeneous  Membrane  Integrity  Assay  Kit 

123  (Promega,  Madison,  Wl)  was  used  to  estimate  cell  viability.  hPBMCs  were  prepared  as 

124  described  above.  A  test  sample  was  mixed  with  2.5  xIO5  hPBMCs  and  incubated  for  6  h  at  37°C. 

125  Cell  viability  treated  with  test  samples  was  calculated  by  relative  lactate  dehydrogenase  activity 

126  in  culture  medium  of  that  in  lysed  cell  controls. 

127  The  proliferative  activity  of  AH  in  hPBMCs  was  analyzed  by  carboxyfluorescein  succinimidyl 

128  ester  (CFSE)  staining  as  described  in  Elrefaei  et  al.  (20),  using  the  Molecular  Probes  CellTrace 

129  Kit  (Invitrogen,  Eugene,  OR).  One  million  hPBMCs  were  labeled  with  2  pM  CFSE  and  cultured 

130  in  the  presence  of  a  test  sample  (12.5  pg/ml  AH,  1  pg/ml  staphylococcal  enterotoxin  B  [SEB,  a 

131  positive  control  T  cell  stimulant  (21)],  or  media  alone  [negative  control])  for  5  days  at  37°C  in  a 

132  C02  incubator.  Cells  were  stained  with  BD  Pharmingen  anti-human  CD4  phycoerythrin  (PE), 

133  anti-human  CD8  peridinin  chlorophyll  protein  with  a  cyanine  dye  (PerCP-Cy5.5),  and  anti- 

134  human  CD3  allophycocyanin  (APC;  BD  Biosciences,  San  Jose,  CA),  and  analyzed  by  an  LSR  II 
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135  cell  analyzer  (BD  Biosciences)  and  FlowJo  software  (TreeStar,  Ashland,  OR).  Samples  were 

136  first  gated  on  viable  lymphocyte  population,  and  percentage  of  proliferating  cells  was 

137  determined  by  measuring  the  extent  of  CFSE  dilution.  The  analysis  was  independently 

138  performed  three  times,  using  hPBMCs  from  three  different  donors. 

139 

140  The  TZM-bl-based  Env-pseudotyped  HIV-1  neutralization  assay 

141  The  antiviral  activity  of  AH  was  assessed  based  on  a  reduction  in  luciferase  reporter  gene 

142  expression  after  infection  of  TZM-bl  cells  with  Env-pseudotyped  viruses.  The  assay  was 

143  performed  as  described  elsewhere  (22),  except  that  diethylaminoethyl  cellulose  dextran  was 

144  excluded  upon  infection.  Antiviral  activity  was  expressed  as  an  IC50  value,  which  is  the  sample 

145  concentration  giving  50%  of  relative  luminescence  units  (RLUs)  compared  with  those  of  virus 

146  control  after  subtraction  of  background  RLUs.  Env-pseudotyped  viruses  were  prepared  by  co- 

147  transfection  of  293T/17  cells  with  various  env-ex pressing  plasmids  and  an  env-deficient  HIV-1 

148  backbone  vector  (pSG3AEnv)  and  were  titrated  in  TZM-bl  cells  as  previously  described  (22)  to 

149  determine  TCID50.  The  Genbank  accession  numbers  of  the  viruses  used  in  the  assay  are  shown 

150  in  Table  2.  The  broadly  neutralizing  mAbs  bl  2,  2G12,  2F5  and  4E10,  as  well  as  soluble  CD4 

151  were  used  as  positive  controls.  Two-hundred  TCID50  of  pseudoviruses  were  used  for  the 

152  neutralization  assay.  Samples  and  the  virus  were  mixed  and  incubated  for  1  h  at  37°C,  to  which 

153  104  cells/well  of  TZM-bl  cells  were  added  and  incubated  for  72  h.  Luciferase  activity  was 

154  measured  using  the  Britelite  Plus  Reagent  (PerkinElmer,  Waltham,  MA). 

155 

156  Correlation  analysis 
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157  Env  potential  NLG  sites  were  determined  based  on  sequons  (Asn-X-Thr/Ser-Y,  where  X  and 

158  Y  are  any  aa  except  for  Pro)  using  in  Env  sequences  of  viruses  tested  in  the  TZM-bl-based 

159  assay  (provided  in  Genbank)  and  the  online  tool  N-Glycosite  at  Los  Alamos  HIV  Database 

160  (http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite)  (23).  The  correlation  between 

161  the  IC50s  and  the  number  of  sequons  at  whole  or  the  selected  Env  region  was  analyzed  using 

162  the  non-parametric  Spearman’s  correlation  coefficient  in  the  GraphPad  Prism  5  software.  To 

163  allow  this  analysis  using  all  the  viruses  tested  in  the  TZM-bl-based  assay,  any  IC50  values 

164  greater  than  the  highest  concentration  tested  were  arbitrary  approximated  to  the  next  two-fold 

165  dilution  step  (i.e. ,  50  pg/ml  for  experimental  IC50s  >25  pg/ml). 

166 

167  rAH  expression  in  N.  benthamiana 

168  A  “deconstructed”  TMV  replicon  system  (magnICON;  Icon  Genetics  GmbH,  Halle/Saale, 

169  Germany)  was  used  (24,  25)  to  express  rAH  in  N.  benthamiana.  The  native  ath  gene  (Genbank 

170  accession  no.  AB032371)  was  sub-cloned  into  the  gene  expression  module  plCH11599  using 

171  Nco  I  and  Sac  I  restriction  sites  to  form  pNM86.  The  three  component  plasmids  (pNM86, 

172  plCH201 1 1 ,  and  plCH1401 1 )  were  each  transferred  into  the  Agrobacterium  tumefaciens  strain 

173  GV3101  by  electroporation.  Bacteria  were  resuspended  in  an  infiltration  buffer  (10  mM  2-(N- 

174  morpholino)ethanesulphonic  acid  [MES],  10  mM  MgS04,  pH  5.5).  Equal  portions  of  the  three 

175  bacteria  were  then  mixed  to  give  an  optical  density  at  600  nm  (OD600)  of  0.1 .  N.  benthamiana 

176  plants  were  grown  at  27°C  and  55  -  65%  humidity  for  4  weeks  under  an  18  h-light/6  h-dark 

177  cycle.  Forty-eight  h  before  inoculation,  plants  were  moved  to  an  incubator  set  at  22°C  and  55  - 

178  65%  humidity  with  the  same  lighting  cycle.  The  bacteria  suspension  was  infiltrated  into  leaves 

179  by  application  of  a  vacuum  for  2  min  at  25  inches  Hg  using  a  vacuum  pump.  After  infiltration, 

180  plants  were  placed  in  the  incubator  set  at  22°C  and  kept  in  darkness  for  16  h.  Subsequently,  the 
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181  incubator  was  set  to  a  normal  18  h-light/6  h-dark  cycle.  At  4  to  6  days  post  infiltration  (dpi), 

182  infected  leaves  were  harvested  and  examined  for  rAH  expression  as  described  below. 

183 

184  Detection  of  rAH 

185  Expression  of  rAH  was  analyzed  by  sodium  dodecyl  sulfate-polyacrylamide  gel 

186  electrophoresis  (SDS-PAGE)  and  western  blotting.  Leaf  materials  were  extracted  with  5  v/w  of 

187  SDS  extraction  buffer  (50  mM  Tris-HCI  [pH  6.8],  2%  SDS,  0.003%  bromophenol  blue,  10% 

188  glycerol).  After  electrophoresis,  gels  were  stained  with  Coomassie  Brilliant  Blue,  or  the  resolved 

189  proteins  were  electro-transferred  to  a  poly  (vinylidene  difluoride)  membrane.  Blots  were  probed 

190  with  rabbit  anti-AH  antiserum  (1:5,000)  followed  by  horseradish  peroxidase  (HRP)-conjugated 

191  goat  anti-rabbit  immunoglobulin  (lg)G  (1:10,000;  Santa  Cruz  Biotechnology,  Santa  Cruz,  CA), 

192  which  were  then  detected  using  a  chemiluminescence  luminol  reagent  (Santa  Cruz 

193  Biotechnology). 

194  The  amounts  of  rAH  in  extract  were  quantified  by  gp120-captured  enzyme-linked 

195  immunosorbent  assay  (gp120-ELISA).  ELISA  plates  were  coated  with  0.3  pg/ml  of  HIV-1  gp120 

196  CM  Env  protein  (National  Institute  of  Health  AIDS  Research  and  Reference  Reagent  Program 

197  [NIH  ARRRP],  Washington,  D.C.)  and  blocked  with  blocking  buffer  (phosphate-buffered  saline 

198  [PBS],  pH7.2,  0.05%  Tween-20,  5%  [w/v]  non-fat  dry  milk).  Serially  diluted  extract  samples  were 

199  applied  onto  the  plates  and  incubated  for  1  hr  at  37°C.  The  gpl 20-bound  rAH  was  detected  by 

200  rabbit  anti-AH  antiserum  (1:3,000)  followed  by  HRP-conjugated  goat  anti-rabbit  IgG  (1:10,000). 

201  A  tetramethylbenzidine  substrate  (BioFX  Laboratories,  Owings  Mills,  MD)  was  used  for 

202  detection;  absorbance  at  450  nm  was  measured  with  a  plate  reader  (Beckman  Coulter).  A 

203  standard  curve  was  created  for  each  plate  using  standard  AH  (5  -  300  ng/ml;  purified  from 
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204  original  actinomycete  culture),  with  which  the  amounts  of  rAH  in  samples  were  calculated  using 

205  the  SoftMax  Pro  software  (Molecular  Devices,  Sunnyvale,  CA). 

206 

207  Syncytium  Formation  Assay 

208  The  assay  was  performed  as  previously  described,  using  HeLa/env/tat  and  HeLa/CD4/lacZ 

209  cell  lines  (26).  To  prepare  leaf  extract  samples  for  analysis,  leaf  materials  were  homogenized  in 

210  5  v/w  of  extraction  buffer  1  (PBS,  pH7.4,  20  mM  ascorbic  acid,  10  mM  sodium  metabisulfite) 

211  and  centrifuged.  Most  (>99%)  of  the  total  gpl 20-binding  rAH  was  retained  in  the  insoluble  pellet 

212  fraction.  The  pellet  was  re-extracted  with  extraction  buffer  2  (50  mM  glycine,  pH2.5,  20  mM 

213  ascorbic  acid,  10  mM  sodium  metabisulfite,  6  M  guanidine  HCI).  The  extract  was  clarified  by 

214  centrifugation  and  dialyzed  against  50  mM  glycine  (pH  2.5).  The  dialyzed  sample  was 

215  centrifuged  to  remove  insoluble  materials  and  concentrated  using  a  centrifugal  concentrator  (3.5 

216  kDa  molecular  weight  cut-off).  The  amount  of  rAH  in  each  fraction  was  quantified  by  gpl  20- 

217  ELISA,  as  described  above.  Typically,  in  the  dialyzed  sample  we  obtained  ~25  pg  of  rAH  from 

218  one  g  of  leaf  material. 

219  For  a  quantitative  assay,  serially  diluted  samples  and  9  x  103  cells/well  of  HeLa/env/tat  and 

220  HeLa/CD4/LacZ  cells  were  mixed  in  GIBCO  Dulbecco's  modified  Eagle's  medium  (DMEM; 

221  Invitrogen,  Carlsbad,  CA)  containing  10%  fetal  bovine  serum,  1%  penicillin/streptomycin  and 

222  100  pg/ml  kanamycin  on  a  96-well  plate  and  incubated  for  18  h  at  37°C  in  a  C02  incubator. 

223  Cells  were  washed  and  lysed  with  0.05%  Triton  X-100.  To  quantify  syncytia,  a  developing 

224  reagent  (60mM  Na2HP04,  40  mM  NaH2P04,  10  mM  KCI,  1  mM  MgS04,  50  mM  2- 

225  mercaptoethanol,  0.8  mg/mL  ortho-Nitrophenyl-p-galactoside)  was  added  and  incubated  at 

226  room  temperature  for  2  to  4  h.  After  stopping  the  reaction  with  2M  Na2C03,  the  OD450  was  read. 
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227  For  staining  of  syncytia,  HeLa/env/tat  and  HeLa/CD4/LacZ  (1 05  cells  each/well)  with  or 

228  without  a  test  sample  were  incubated  on  an  8-well  microscope  slide  (Nalge  Nunc  International, 

229  Rochester,  NY)  for  18  h  at  37°C.  Cells  were  washed  with  PBS,  and  fixed  with  4% 

230  paraformaldehyde.  Syncytia  were  stained  with  5-bromo-4-chloro-3-indolyl-p-D- 

231  galactopyranoside  (X-gal)  staining  solution  (25ml  PBS,  pH  7.4,  2  pg/ml  MgCI2,  1.64  mg/ml 

232  potassium  ferricyanide,  2.12  mg/ml  potassium  ferrocyanide,  1  mg/ml  X-gal)  for  18  h  at  37°C  and 

233  observed  under  an  optical  microscope. 

234 

235  Results 

236  AH  inhibits  hPBMC  infection  by  primary  HIV-1  isolates.  Given  that  clustering  HMGs  is  a 

237  conserved  feature  of  the  HIV-1  Env,  broad  anti-HIV-1  activity  has  been  suggested  for  the  HMG- 

238  specific  lectin  AH.  To  prove  this  concept  in  an  assay  system  simulating  the  physiological 

239  conditions,  we  performed  a  hPBMC-based  neutralization  assay  using  primary  HIV-1  isolates 

240  (17,  18).  Viruses  with  diverse  cellular  tropisms  were  tested,  i.e.,  an  R5  B  clade  (SF162),  an  R5 

241  C  clade  (ZA/97/009),  a  chemokine  (C-X-C  motif)  receptor  4-tropic  (X4)  B  clade  (HT/92/599),  and 

242  a  dual-tropic  R5X4  B  clade  (BZ167).  The  p24  production  in  the  cells  was  quantified  to  monitor 

243  HIV-1  infectivity.  As  shown  in  Figure  1A,  AH  neutralized  all  the  viruses  with  IC50s  within  the 

244  nanomolar  range  (1  pg/ml  of  AH  corresponds  to  80  nM).  Among  the  four  primary  isolates  tested, 

245  the  R5-type  C  clade  virus  showed  the  highest  susceptibility  to  AH  (IC50  =  0.12  pg/ml  or  9.6  nM 

246  and  IC90  =  12.10  pg/ml  or  968  nM)  whereas  the  X4  B  clade  virus  was  relatively  resistant  (IC50  = 

247  2.68  pg/ml  or  224  nM  and  IC90  =  29.67  pg/ml  or  2,370  nM).  These  results  are  congruent  with  the 

248  previous  findings  in  a  surrogate  MAGI  assay,  where  AH  exhibited  antiviral  activity  at  the 

249  nanomolar  dose  range  (IC50s  =  2-110  nM)  against  three  laboratory-adapted  T-  and  M-tropic 
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250  strains  (NIB,  NL4-3,  and  JR-CFS)  and  one  T-tropic  primary  isolate  (01 8A)  (15).  Meanwhile,  AH 

251  did  not  show  any  cytotoxicity  in  hPBMCs  at  the  highest  concentration  tested  (50  pg/ml  or  4  pM), 

252  indicating  that  the  reduction  of  p24  production  in  the  assay  was  not  due  to  cytotoxicity  (Fig.  1 B). 

253  Taken  together,  these  results  demonstrated  that  AH  can  inhibit  the  infection  of  hPBMCs  by 

254  primary  HIV-1  strains  irrespective  of  cellular  tropism,  which  directly  suggests  the  possibility  of 

255  the  protein’s  in  vivo  efficacy. 

256  AH  does  not  induce  hPBMC  proliferation  at  a  dose  exerting  strong  anti-HIV-1  activity. 

257  Many  lectins  are  known  to  exhibit  various  biological  effects  on  human  cells  via  their  specific 

258  carbohydrate  binding.  For  example,  Con  A  and  PHA  are  well-known  mitogens  in  human  T  cells 

259  (27).  The  banana-derived  lectin  entry  inhibitor  BanLec  effectively  proliferated  CD3+,  CD4+  and 

260  CD8+  populations  in  hPBMCs  at  2  pg/ml  (corresponding  to  ~67  nM  as  a  natural  dimer  form)  (28). 

261  Furthermore,  strong  mitogenic  activity  and  cytotoxicity  in  hPBMCs  was  observed  for  CV-N, 

262  which  has  been  one  of  the  most  studied  HMG-specific  anti-HIV-1  lectins  to  date  (29,  30). 

263  Because  hPBMC  mitogenicity  may  lead  to  the  disastrous  side  effect  of  enhanced  HIV-1 

264  infectivity  in  these  cells  (29),  it  is  imperative  to  demonstrate  that  the  anti-HIV-1  effect  of  a 

265  candidate  microbicide  is  not  accompanied  by  mitogenic  activity  in  these  cells.  Therefore,  we 

266  tested  the  proliferation  potential  of  hPBMCs  upon  exposure  to  AH.  As  shown  in  Figure  2,  AH  at 

267  1  pM  (or  12.5  pg/ml)  did  not  show  any  sign  of  proliferative  activity  either  in  a  whole  CD3+  T  cell 

268  population  or  in  CD4+  or  CD8+  cells  after  prolonged  incubation  (for  5  days)  with  AH.  These 

269  results  are  in  sharp  contrast  to  the  protein’s  nanomolar  anti-HIV-1  activity  in  the  hPBMC-based 

270  neutralization  assay,  where  the  same  dose  exerted  a  prominent  HIV-1  neutralization  effect 

271  against  primary  isolates  (Fig.  1  A).  Coupled  with  the  data  showing  AH’s  lack  of  cytotoxicity  up  to 

272  4  pM  (see  Fig.  1 B),  it  is  suggested  that  AH  anti-HIV-1  activity  is  not  associated  with  some  of  the 

273  major  common  side  effects  noted  with  other  antiviral  lectins. 
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274  Broad-spectrum  anti-HIV-1  activity  of  AH  against  R5-type  viruses.  To  extend  our 

275  examination  on  the  breadth  of  AH’s  anti-HIV-1  activity,  we  performed  a  reporter  gene 

276  expression  TZM-bl-based  neutralization  assay  using  Env-pseudotyped  viruses  (22).  We 

277  included  multiple  R5  A,  B  and  C  clade  viruses  in  the  analysis  because:  1)  R5  viruses  are 

278  transmitted  predominantly  during  the  course  of  HIV-1  transmission  (31 , 32)  and  are  therefore 

279  particularly  important  from  an  HIV-1  microbicide  standpoint;  and  2)  these  three  clades  represent 

280  more  than  70%  of  the  viruses  currently  circulating  in  the  world  (33,  34).  Table  1  shows  IC50s  of 

281  AH  against  clade  A,  B,  and  C  isolates  of  AH  and  the  HMG-specific  broadly  neutralizing  mAb 

282  2G12.  AH  showed  broad  anti-HIV-1  activity  that  was  similar  overall  to  that  of  2G12,  aside  from  a 

283  few  exceptions.  Among  the  viruses  tested,  ZM109F.PB4  (R5  C  clade)  and  all  the  four  A  clade 

284  viruses  showed  IC50s  of  over  25  pg/ml  for  both  AH  and  2G12.  These  results  may  indicate  that 

285  clade  A  viruses  are  generally  highly  resistant  to  the  two  HMG-specific  anti-HIV  proteins 

286  compared  to  other  subtypes.  By  contrast,  the  notable  difference  between  AH  and  2G12  was 

287  seen  with  other  viruses.  SF162  (B  clade  R5)  and  6535.3  (B  clade  R5)  showed  complete 

288  resistance  to  AH  (IC50s  >25  pg/ml)  but  not  to  2G12,  while  RHPA4259.7  (B  clade  R5), 

289  MW965.26  (C  clade  R5),  and  ZM214M.PL15  (C  clade  R5)  were  susceptible  to  AH  but  resistant 

290  to  2G12.  These  results  indicate  that  the  Env  glycan  target  and/or  anti-HIV  mode  are  different 

291  between  these  two  proteins.  Of  interest  is  the  fact  that  SF162,  which  showed  relatively  high 

292  susceptibility  to  AH  in  the  hPBMC-based  assay  (IC50  =  0.48  pg/ml,  Fig.  1 ),  was  highly  resistant 

293  to  this  protein  in  the  TZM-bl-based  neutralization  assay.  On  the  other  hand,  the  dual-tropic  B 

294  clade  BZ1 67,  another  virus  strain  used  in  both  assay  formats,  showed  similar  sensitivity  to  AH 

295  (IC50s  at  0.8  pg/ml  in  the  hPBMC-based  assay  vs.  2.9  pg/ml  in  the  TZM-bl-based  assay). 

296  To  partly  discern  whether  AH’s  anti-HIV-1  effect  is  associated  with  a  particular  Env  NLG 

297  pattern,  the  IC50s  obtained  in  the  TZM-bl-based  neutralization  assay  were  plotted  against  the 

298  number  of  potential  /V-glycosylation  sites  on  Env  (Fig.  3).  There  was  no  clear  correlation 
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299  between  AH-susceptibility  and  the  number  of  sequons  on  whole  Env  or  V  regions.  On  the 

300  contrary,  a  relative  correlation  was  observed  between  AH  susceptibility  and  sequons  at  entire  C 

301  regions  (Spearman  correlation  coefficient  [r]  =  -0.40,  p  =  0.084).  Site-specific  analysis  revealed 

302  that  sequons  at  the  C2  segment  alone  have  a  significant  correlation  (r  =  -0.51 ,  p  =  0.020). 

303  Notably,  this  correlation  became  even  more  apparent  when  sequons  at  the  C2  and  V4  regions 

304  were  combined  (r  =  -0.65,  p  =  0.002),  even  though  V4  sequons  alone  were  not  strong  enough  to 

305  show  a  significant  correlation  with  AH-susceptibility  (p  =  0.176).  Throughout  the  Envs  from  all 

306  the  viruses  analyzed,  there  was  no  significant  change  in  the  number  of  sequons  in  Cl ,  C4,  C5, 

307  V3,  or  gp41 .  Relatively  high  degrees  of  numerical  variations  were  observed  in  V1/V2,  V5,  and 

308  C3  regions,  but  no  correlation  with  AH  susceptibility  was  detected  in  these  regions  (data  not 

309  shown).  Taken  together,  these  results  suggest  that  NLGs  at  C2  and  V4  may  constitute  the  sole 

310  and/or  critical  targets  of  AH.  In  Figure  4,  we  compared  Env  NLG  positions  of  the  highly 

311  susceptible  viruses  (R5  B  clade  SS1 196.1  and  R5  C  clade  TV1.21)  and  resistant  strains  (R5  C 

312  clade  ZM109F.PB4  and  R5  A  clade  Q259.d2.17).  It  was  suggested  that  clustering  NLGs  at  the 

313  middle  and  C  terminal  region  of  C2  as  well  as  in  V4  may  play  an  important  role  in  AH’s  anti-HIV- 

314  1  activity. 

315  For  a  comparison,  we  also  performed  the  same  analysis  with  2G12.  It  was  revealed  that 

316  2G12  susceptibility  showed  a  statistically  significant  correlation  with  the  total  number  of  sequons 

317  located  at  C2,  C3  and  V4  (r  =  -0.52,  p  =  0.034)  and  with  V4  sequons  alone  (r  =  -0.53,  p  =  0.028), 

318  but  not  with  any  other  Env  regions  (data  not  shown).  These  results  correspond  well  with 

319  previous  mutagenesis  and  crystallographic  studies  that  have  defined  the  Env  NLGs  targeted  by 

320  2G12  (10,  35),  thus  arguing  for  the  present  approach  to  predict  AH’s  potential  binding  target(s). 

321  Expression  of  rAH  in  N.  benthamiana  using  a  modified  TMV  vector.  Next,  we  focused 

322  on  the  development  of  an  efficient  rAH  expression  system  to  facilitate  the  production  and 

323  molecular  engineering  of  the  protein.  For  this  purpose,  a  modified  TMV-based  expression 
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324  system  was  employed  (24,  25).  Under  our  normal  plant  growth  conditions  at  27°C,  severe 

325  necrosis  emerged  in  the  infiltrated  leaves  at  4  to  5  dpi.  However,  the  necrosis  was  significantly 

326  reduced  by  lowering  the  plant  cultivation  temperature  by  5°C,  i.e.,  to  22°C  (Fig.  4A).  The 

327  expression  level  of  rAH  did  not  change  by  this  modification,  according  to  gp120-ELISA  (data  not 

328  shown).  As  shown  in  Figure  4B,  the  expression  of  rAH  (Mw:  12.5  KDa)  was  clearly  detected  at  5 

329  dpi  on  an  SDS-PAGE  gel.  Western  blot  analysis  using  polyclonal  anti-AH  Abs  further  confirmed 

330  the  expression  (Fig.  4B).  Interestingly,  however,  apparent  oligomers  (dimer,  trimer,  etc)  and 

331  aggregates  were  detected  along  with  the  monomeric  12.5  kDa  protein  (Fig.  4B).  No  oligomer 

332  formation  has  previously  been  noted  for  the  original  actinomycete-derived  AH  (11,  13),  although 

333  an  apparent  dimer  was  observed  in  E.  coli-ex pressed  rAH  (36)  and  a  minor  amount  of  dimers 

334  exists  in  a  purified  actinomycete-derived  AH  sample  (Matoba  et  al. ,  unpublished  observation). 

335  Therefore,  the  oligomer/aggregate  formation  is  unique  to  the  TMV-based  expression.  The 

336  gp120-ELISA  of  the  leaf  extract  revealed  that  the  expression  of  rAH  peaked  at  6  dpi,  with 

337  expression  levels  ranging  from  20  to  120  mg  per  kg  of  fresh  leaf  material  (data  not  shown), 

338  which  generally  agrees  with  the  intensity  of  the  band  in  SDS-PAGE  in  Figure  4B. 

339  The  efficient  recovery  of  the  gpl 20-binding  fraction  of  rAH  from  the  leaf  required  an  acidic 

340  extraction  buffer  containing  a  chaotropic  agent  such  as  urea  or  guanidine  HCI.  After  removing 

341  the  denaturant  by  dialysis,  however,  rAH  remained  soluble  and  was  largely  devoid  of  high-order 

342  oligomers  (Fig.  4B,  lane  7).  The  soluble  plant-expressed  rAH  strongly  bound  to  gpl  20  (Fig.  5A). 

343  To  further  demonstrate  plant-expressed  rAH’s  functional  integrity,  we  performed  a  reporter  gene 

344  expression  syncytium  formation  assay  using  cells  expressing  human  CD4  and  HIV-1  Env.  As 

345  seen  in  Figure  5B,  the  X-gal  staining  of  the  cells  clearly  shows  that  plant-expressed  rAH  (Fig. 

346  5B-d),  but  not  a  reference  control  prepared  from  a  non-infiltrated  leaf  sample  (Fig.  5B-b), 

347  inhibited  the  formation  of  syncytia.  No  inhibition  was  observed  with  a  sample  from  GFP- 

348  expressing  leaves  obtained  by  the  same  TMV-based  vector  (data  not  shown).  This  observation 
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349  was  further  confirmed  by  a  quantitative  analysis.  Thus,  plant-expressed  rAH  dose-dependently 

350  and  significantly  inhibited  the  syncytia  compared  to  a  control  leaf  sample  (Fig.  5C).  According  to 

351  the  gp120-ELISA  in  Fig.  5A,  a  1/20-diluted  rAH  sample  contained  322  nM  of  the  protein 

352  (corresponding  to  the  far-right  bar  in  Fig.  5C).  The  results  were  in  good  agreement  with  the 

353  syncytium-inhibitory  pattern  of  the  original  AH  sample  (data  not  shown),  indicating  the  integrity 

354  of  the  plant-expressed  protein.  Taken  together,  these  results  demonstrate  that  plants  can  serve 

355  as  a  new  recombinant  expression  platform  for  AH  and  that  plant-expressed  rAH  is  functionally 

356  active. 

357 

358  Discussion 

359  HIV/AIDS  is  a  serious  global  public  health  concern.  In  the  most  pandemic  sub-Saharan 

360  African  countries,  heterosexual  exposure  constitutes  the  major  route  of  HIV-1  transmission,  with 

361  half  of  the  new  infections  occurring  among  women  (1).  Although  condom  use  and  male 

362  circumcision  can  significantly  reduce  the  chance  of  HIV-1  sexual  transmission,  there  is  no  direct 

363  countermeasure  currently  available  at  women’s  disposal  (1 ).  Therefore,  the  development  of  a 

364  woman-controlled  microbicide  is  urgently  needed  for  the  control  of  the  pandemic.  Three  key 

365  factors  are  proposed  for  candidate  microbicides  to  move  from  the  preclinical  to  clinical  phase, 

366  i.e.,  efficacy,  safety,  and  economical  viability  (3).  We  have  therefore  initiated  our  investigation 

367  on  the  feasibility  of  AH  in  these  aspects. 

368  AH  is  an  actinomycete-derived  anti-HIV  protein  that  has  high  specificity  to  HMG  clusters  on 

369  Envs.  In  the  two  in  vitro  HIV-1  neutralization  assays  performed  here,  we  obtained  several  key 

370  advances  in  understanding  the  anti-HIV-1  activity  profile  of  AH. 
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371  First,  AH’s  anti-HIV-1  effect  was  demonstrated  in  a  hPBMC-based  assay  using  primary 

372  isolates  and  in  a  TZM-bl-based  assay  using  Env-pseudotyped  viruses  of  clinically-relevant 

373  strains  from  major  clades.  These  two  in  vitro  assay  formats  are  currently  recommended  for 

374  evaluating  the  anti-HIV-1  activity  of  neutralizing  Abs,  hence  entry/fusion  inhibitors,  to  best 

375  predict  their  in  vivo  antiviral  efficacies  (37).  In  both  assay  systems  AH  exhibited  clear  anti-HIV-1 

376  effects  against  many  clinically  relevant  viruses,  including  those  of  the  mucosally  transmitted  R5- 

377  type,  at  similar  activity  dose  ranges.  Consequently,  it  is  strongly  argued  that  AH  is  a  broadly 

378  neutralizing  anti-HIV-1  lectin  that  could  potentially  blunt  mucosal  HIV-1  transmission  of  primary 

379  R5  viruses.  A  future  study  will  test  the  anti-HIV-1  effect  in  systems  more  closely  simulating  the 

380  physiological  conditions  in  the  vagina,  e.g.,  in  the  presence  of  seminal  plasma  and  under  a  pH 

381  transition  that  takes  place  during  the  coital  event  (38).  Sustained  efficacy  under  these  conditions, 

382  along  with  safety  (as  discussed  below),  are  prerequisites  for  any  microbicide  candidate. 

383  While  AH’s  anti-HIV-1  effects  in  the  hPBMC-based-  and  TZM-bl-based  neutralization  assays 

384  fell  into  a  similar  range,  there  was  a  significant  difference  in  the  sensitivity  of  the  B  clade  SF162 

385  to  AH  between  the  two  systems  (see  Fig.  1  and  Table  1).  Multiple  studies  have  reported  similar 

386  discrepancies  in  inhibitory  patterns  of  neutralizing  Abs  between  the  two  assay  systems  (16,  37). 

387  In  our  case,  the  conflicting  result  may  be  a  reflection  of  the  phenotypic  difference  in  viruses 

388  produced  in  these  assays,  i.e.,  the  primary  isolate  produced  in  hPBMCs  versus  the  Env- 

389  pseudotyped  virus  produced  in  293T  cells.  It  has  been  shown  that  the  A/-glycan  structure  of  viral 

390  glycoproteins  can  vary  depending  on  the  cell  type  in  which  the  virus  is  produced  (14,  39,  40). 

391  Because  AH  targets  Env  HMGs,  it  is  conceivable  that  viruses  harboring  more  HMGs  on  their 

392  Envs  would  be  more  susceptible  to  the  protein.  Thus,  although  there  is  no  direct  information  as 

393  to  the  glycan  profiles  of  SF162  Envs  produced  in  hPBMCs  and  293T  cells,  the  higher  AH 

394  sensitivity  of  the  hPBMC-produced  virus  may  be  explained  by  the  higher  number  of  HMGs  on 

395  the  Env.  Alternatively,  a  potential  difference  in  the  Env  density  on  the  viruses  used  in  the  two 
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396  different  systems  may  account  for  the  discrepancy  in  viral  AH  sensitivity,  as  has  been  reported 

397  (41 , 42).  In  any  event,  the  above  may  imply  that  a  future  efficacy  study  of  AH  or  other  relevant 

398  anti-HIV-1  agents  should  include  testing  of  viruses  present  in  semen  (43,  44). 

399  Second,  we  uncovered  the  breadth  of  AH’s  anti-HIV-1  effect  in  the  TZM-bl-based 

400  neutralization  assay.  It  was  revealed  that  AH  possesses  anti-HIV-1  activity  against  many 

401  clinically  relevant  R5  viruses,  having  the  neutralization  breadth  similar  to  that  of  the  HMG- 

402  targeting  broadly  neutralizing  mAb  2G12.  This  is  not  surprising  because  both  2G12  and  AH 

403  recognize  the  Mana1-2Man  moiety  of  HMGs  (9,  10,  13,  35).  However,  a  few  discrepancies  in 

404  the  neutralization  patterns  between  2G12  and  AH  indicate  that  their  target  HMGs  are  not 

405  identical  (discussed  later).  AH  may  generally  be  more  effective  against  R5  C  clade  viruses  than 

406  2G12,  as  the  former  neutralized  four  viruses  while  the  latter  inhibited  only  two  out  of  the  five 

407  viruses  tested  at  lower  than  25  pg/ml  (Table  1).  This  points  to  an  advantage  of  AH  because  the 

408  C  clade  is  highly  prevalent  in  epidemic  regions  where  over  80%  of  total  global  HIV-1  infections 

409  occur  (33,  34),  although  analysis  must  be  expanded  to  validate  this  concept.  On  the  other  hand, 

410  both  AH  and  2G1 2  showed  lack  of  efficacy  to  all  the  four  A  clade  viruses.  Interestingly,  relative 

411  resistance  of  A  clade  viruses  has  previously  been  observed  for  another  potent  mannose-specific 

412  anti-HIV-1  lectin,  GRFT  (45).  These  results  may  indicate  the  general  resistance  of  A  clade 

413  viruses  to  HMG-targeting  HIV-1  inhibitors  and  imply  a  potential  weakness  for  this  class  of  anti- 

414  HIV  agent.  Alternatively,  this  warrants  investigation  of  more  in  depth  clade-specific  analysis  and 

415  identification  of  a  different  type  of  anti-HIV  agent  that  can  supplement  AH  or  other  HMG- 

416  targeting  HIV-1  inhibitors  toward  an  effective  combination  microbicide  strategy. 

417  Third,  correlation  analysis  between  AH  susceptibility  and  Env  NLG  profiles  suggested  that 

418  several  NLGs  might  be  targeted  by  AH.  These  glycans  tend  to  cluster  at  the  middle  and  at  the 

419  C-terminal  region  of  C2  and  at  V4  (Fig.  4).  A  recent  crystallographic  analysis  indicated  that  AH 

420  possesses  three  carbohydrate-binding  sites  and  that  each  of  these  appeared  to  accommodate  a 
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421  couple  of  Mana1-2Man  moieties  from  the  D1  and  D3  arm  of  a  single  HMG  (13).  Our  results 

422  suggest  that  NLGs  at  the  C2  and  V4  regions  may  comprise  a  set  of  HMGs  recognized  by  AH’s 

423  three  sugar  binding  sites.  This  notion  is  supported  in  part  by  the  previous  studies  showing  that 

424  NLGs  at  these  locations  tend  to  contain  more  HMGs  than  other  regions  (46-48).  Obviously, 

425  further  studies  are  needed  to  demonstrate  AH’s  target  Env  NLGs,  e.g.,  crystallography  of  an 

426  AH-gp120  complex,  and  analysis  of  escape  and  mutant  viruses  displaying  modified  Env  NLG 

427  patterns.  Such  studies  will  also  aid  the  development  of  potent  AH  analogues  and  are  ongoing  in 

428  our  laboratories. 

429  AH  is  similar  to  CV-N  in  that  both  lectins  recognize  the  Mana1-2Man  structure  of  HMGs  and 

430  thereby  exert  anti-HIV-1  activity,  although  the  former  relies  on  high-avidity  interaction  with 

431  multiple  HMGs  while  the  latter  is  specific  to  a  single  HMG  (13,  49,  50).  CV-N  is  a  leading  lectin- 

432  based  microbicide  candidate  that  has  shown  promising  results  in  macaque  challenge  studies 

433  (51 , 52)  and  in  a  human  cervical  explant  infection  model  (53).  However,  recent  studies  have 

434  shown  that  CV-N  possesses  cytotoxicity  and  mitogenic  activity  with  pro-inflammatory  responses 

435  in  hPBMCs  at  nanomolar  concentrations,  which  are  very  close  to  the  protein’s  antiviral  dose 

436  range  (29,  30).  These  deleterious  and  pro-infective  actions  have  raised  a  serious  concern  for 

437  CV-N’s  candidacy  toward  microbicide  use.  Indeed,  such  activities  are  common  features  of 

438  lectins  (with  a  few  notable  exceptions,  e.g.,  GRFT  (45)),  necessitating  careful  examination  of 

439  lectin-based  HIV-1  inhibitors  in  these  aspects.  In  spite  of  the  similarity  between  CV-N  and  AH  in 

440  sugar  binding  specificity,  our  results  demonstrated  that  AH  is  devoid  of  cytotoxicity  or  mitogenic 

441  activity  in  hPBMCs  at  concentrations  where  the  protein  exerts  potent  anti-HIV-1  effects.  More 

442  thorough  analyses,  including  inflammatory  endpoints  and  immunogenicity,  must  be  performed 

443  for  higher  doses  of  AH  to  conclude  the  protein’s  safety.  Nevertheless,  when  combined  with  AH’s 

444  specificity  to  HMG  clusters  usually  not  found  on  host  human  proteins  and  preliminary  results 

445  showing  the  lack  of  toxicity  in  a  rabbit  vaginal  irritation  assay  with  0.1  %  AH  solution  (Tanaka  et 
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446  al.  manuscript  in  preparation),  our  results  provide  a  reasonable  foundation  supporting  the 

447  protein’s  safety. 

448  Microbicides  will  be  required  in  massive  amounts  at  low  costs,  considering  the  application 

449  frequency  and  estimated  target  population  of  those  millions  living  in  developing  regions  where 

450  HIV-1  infections  are  most  prevalent.  Accordingly,  a  key  factor  for  the  success  of  protein-based 

451  HIV-1  microbicides  is  the  establishment  of  a  scalable  and  cost-effective  recombinant  expression 

452  system;  however  conventional  closed  cell  culture-based  systems  may  not  be  able  to  meet  these 

453  requirements  (54).  Plants  have  recently  emerged  as  an  alternative  recombinant  expression 

454  system  that  has  the  potential  to  mass  produce  foreign  proteins  at  substantially  low  costs  (55, 

455  56).  In  particular,  the  advent  of  recombinant  plant  virus  vector  systems  enabled  rapid  and  high- 

456  level  expression  of  foreign  proteins  in  plants.  In  the  present  study,  we  showed  that  rAH 

457  expressed  via  a  TMV-based  system  can  bind  to  gp120  and  inhibit  syncytia  mediated  by  the 

458  Env-CD4  interaction,  which  demonstrates  the  protein’s  functional  integrity.  Although  there  is 

459  room  for  improvement  (e.g.,  reducing  in  planta  aggregate  formation),  we  obtained  a 

460  comparatively  high  level  of  expression  for  plant-based  expression  systems  in  general  (up  to  120 

461  mg  per  kg  of  fresh  leaf  material).  Furthermore,  we  were  able  to  eliminate  the  aggregates  and 

462  recover  the  functional  portion  of  rAH  after  extraction.  Consequently,  we  have  successfully 

463  developed  a  novel  rAH  expression  platform  that  may  be  able  to  meet  the  manufacturing 

464  requirements  for  the  protein  to  be  developed  as  a  topical  HIV-1  microbicide. 

465  Compared  to  other  lectins  that  have  been  reported  to  exhibit  anti-HIV-1  effects  (reviewed  in 

466  (7)),  AH’s  antiviral  activity  reported  here  is  not  the  strongest  in  this  class.  Notwithstanding  the 

467  moderate  anti-HIV-1  efficacy,  AH’s  apparent  lack  of  mitogenicity  and  cytotoxicity  in  hPBMCs 

468  demonstrated  here  is  a  clear  advantage  of  this  protein  over  some  of  the  other  anti-HIV-1  lectins. 

469  Using  rDNA  technology,  it  may  be  possible  to  engineer  rAH  derivatives  that  have  stronger  anti- 

470  HIV  activity  while  maintaining  quiescence  in  the  toxicological  aspects.  In  fact,  in  our  preliminary 
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471  study,  a  recombinantly  engineered  AH  dimer  construct  was  shown  to  exhibit  significantly 

472  stronger  and  broader  anti-HIV-1  activity  than  the  original  monomer  molecule  (Tanaka  &  Matoba, 

473  manuscript  in  preparation).  Based  on  the  speed  and  robustness,  the  TMV-based  rAH 

474  expression  system  will  further  facilitate  the  design  of  additional  rAH  analogues  that  have  even 

475  more  potent  anti-HIV-1  activity  and  other  desirable  properties  for  microbicide  use  (e.g., 

476  producibility,  bioavailability,  formulability,  etc.).  Taken  together,  although  further  optimization  is 

477  required,  the  TMV-based  system  may  provide  a  viable  means  for  the  economical  large-scale 

478  production  as  well  as  the  design  of  rAH  derivatives,  which  both  significantly  facilitate  the 

479  development  of  rAH-based  microbicide  candidates. 

480  In  summary,  we  have  demonstrated  that:  1)  AH  exerts  nanomolar-level  antiviral  activity 

481  against  many  clinically  relevant  HIV-1  strains  of  different  clades  and  diverse  cellular  tropisms 

482  (with  a  possible  exception  for  R5-type  A  clade  viruses);  2)  AH  does  not  possess  cytotoxicity  or 

483  mitogenic  activity  in  human  PBMCs  at  doses  showing  broad  anti-HIV  activity;  and  3)  the  TMV- 

484  based  system  serves  as  a  novel  rAH  expression  platform  that  may  facilitate  molecular 

485  engineering  and  economical  large-scale  production.  Based  on  these  initial  efficacy,  safety,  and 

486  producibility  data,  we  propose  that  AH  is  promising  as  a  precursor  of  new  candidate  HIV-1 

487  microbicides  targeting  Env  glycans.  Further  investigation  on  efficacy  and  safety,  analysis  of 

488  mechanisms  of  action,  and  design  of  potent  analogues  are  warranted. 

489 
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501  Table  1.  Anti-HIV-1  activity  of  AH  against  Env-pseudotyped  viruses  in  TZM-bl  cells. 


Virus 

Subtype 

Genbank 
Accession  No. 

Tropism 

1C  50 

2G12 

(pq/ml)* 

AH 

MN.3 

B 

AY669737.1 

X4 

ND 

0.04 

SF162.LS 

B 

EU1 23924.1 

R5 

0.7 

>25 

W61D  7. 12 

B 

AY973156.1 

R5/X4 

ND 

9.9 

Bal.26 

B 

DQ318211. 1 

R5 

0.9 

1.5 

SS1 196.1 

B 

AY835442.1 

R5 

10.8 

0.01 

Bx08.16 

B 

GQ855765. 1 

R5 

5.4 

2.3 

BZ167.12 

B 

GQ855764. 1 

R5/X4 

ND 

2.9 

6535.3 

B 

AY835438.1 

R5 

2 

>25 

QH0692.42 

B 

AY835439.1 

R5 

2.8 

13.8 

TRO.11 

B 

AY835445.1 

R5 

0.4 

6.7 

RHPA.7 

B 

AY8 35447.1 

R5 

>50 

15.1 

TV1.21 

C 

AF391 231.1 

R5 

1.7 

0.3 

92BR025.9 

C 

U15121.1 

R5 

1.2 

1.8 

MW965.26 

c 

U08455. 1 

R5 

>25 

2.5 

ZM214M.PL15 

c 

DQ388516.1 

R5 

>50 

21.2 

ZM109F.PB4 

c 

AY 424138. 2 

R5 

>50 

>25 

Q461.e2 

A 

AF407156.1 

R5 

>50 

>25 

Q259.d2.17 

A 

AF407152.1 

R5 

>50 

>25 

Q842.d12 

A 

AF407 160.1 

R5 

>50 

>25 

Q168.a2 

A 

AF407148.1 

R5 

>50 

>25 

502  *  IC50s  exceeding  the  highest  concentrations  of  samples  tested  in  the  assay  are  shaded  and 

503  expressed  as  >25  or  >50  pg/ml. 
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507  Figure  1.  Neutralization  of  primary  HIV-1  isolates  in  human  PBMCs.  (A)  The  PBMC-based 

508  neutralization  assay.  The  reduction  of  p24  gag  protein  production  in  human  PBMCs  was 

509  measured  as  an  endpoint.  PBMCs  (pooled  from  four  different  donors)  were  infected  with  R5  B 

510  clade  (SF162),  R5  C  clade  (ZA/97/009),  X4  B  clade  (HT/92/599),  or  R5X4  B  clade  (BZ167)  in 

511  the  presence  of  various  concentrations  of  AH.  Samples  were  analyzed  in  quadruplicate.  Results 

512  are  expressed  as  mean  ±  SEM.  See  Materials  and  Methods  for  assay  details.  Dose-dependent 

513  neutralization  was  observed  for  all  viruses.  (B)  Cytotoxicity  analysis.  Potential  toxicity  of  AH  in 

514  human  PBMCs  was  analyzed  based  on  the  LDH  activity  in  the  culture  medium  after  incubation 

515  of  PBMCs  with  various  concentrations  of  AH.  Analysis  was  performed  in  quadruplicate  in  two 

516  different  pools  of  human  PBMCs.  Results  are  expressed  as  mean  ±  SEM.  The  lack  of  PMBC 

517  cytotoxicity  was  demonstrated  for  up  to  50  pg/ml  of  AH. 

518 
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519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 
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Figure  2.  Analysis  of  mitogenic  activity  in  human  PBMCs.  Proliferation  of  human  CD3+ 
lymphocytes  in  PBMCs  was  analyzed  by  flow  cytometry.  CFSE-stained  human  PBMCs  were 
incubated  for  5  days  with  12.5  pg/ml  AH,  1  pg/ml  SEB  (positive  control;  a  potent  T  cell 
stimulator  (21,  57)),  or  media  alone.  Samples  were  first  gated  on  a  viable  T  cell  population,  and 
the  percentage  of  proliferating  cells  was  determined  based  on  the  extent  of  CFSE  dilution.  (A) 
Representative  plots  from  one  of  three  experiments  are  shown  for  CD3+  cells.  The  number  in 
each  panel  (above  the  boxed  plot  population)  indicates  the  percentage  of  proliferated  cells.  (B) 
Results  from  3  independent  experiments  using  different  PBMCs  are  shown.  In  addition  to  CD3+ 
cells,  CD4+  and  CD8+  cells  were  analyzed  to  further  dissect  proliferative  potential.  Results  are 
expressed  as  mean  ±  SD.  AH  did  not  show  any  mitogenic  activity  in  any  cell  types  tested. 
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532  Figure  3.  Correlation  between  the  number  of  NLG  sequons  and  AH  susceptibility  in  Env- 

533  pseudotyped  viruses.  For  each  virus  tested  in  the  TZM-bl-based  assay,  the  number  of  NLG 

534  sites  (i.e. ,  sequons)  in  the  indicated  Env  region  was  plotted  against  the  IC50.  The  IC50  values  of 

535  >25  pg/ml  were  approximated  to  50  pg/ml.  Correlation  was  analyzed  by  the  non-parametric 

536  Spearman’s  correlation  coefficient.  The  correlation  coefficient  (r)  and  p  values  are  shown  in  the 

537  box  in  each  graph.  A  p  value  of  less  than  0.05  is  regarded  as  statistically  significant.  Linear 

538  regression  analysis  was  used  to  display  a  best  fit  line  to  the  data. 
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SS1 1 96. 1  (S) 

TV1.21  (S) 

ZM109F.PB4  (R) 

539  Q259.d2.17  (R) 

540  Figure  4.  Schematic  representation  of  Env  and  potential  NLG  positions  in  selected  AH- 

541  susceptible  and  -resistant  viruses.  Constant  regions  (Cl  -  C5;  shown  in  white)  and  variable 

542  regions  (VI  -  V5;  shown  in  grey)  are  shown  for  the  two  most  susceptible  viruses  (SS1 196.1  and 

543  TV1 .21)  and  two  highly  resistant  viruses  (ZM109F.PB4  and  Q259.d2.17)  to  AH,  according  to  the 

544  results  shown  in  Table  2.  Black  boxes  indicate  deletions  in  the  corresponding  regions.  Asterisks 

545  represent  the  position  of  sequons.  Potential  targets  of  AH  within  the  C2  and  V4  regions  (those 

546  present  in  both  the  susceptible  viruses  but  absent  in  either  of  the  resistant  strains)  are  indicated 

547  by  arrows. 

548 
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Figure  5.  Expression  of  rAH  in  N.  benthamiana. 

(A)  Representative  TMV  vector-infiltrated  N. 
benthamiana  leaves  at  6  dpi.  The  leaves  show 
only  a  minor  level  of  tissue  necrosis.  (B) 
Electrophoretic  analysis  of  rAH  expression  in  leaf 
extract.  Coomassie-stained  SDS-PAGE  gel 
(Lanes  1  -  3)  and  western  blot  analysis  (Lanes  4 
-  7)  are  shown.  Total  leaf  proteins  were  extracted 
in  a  buffer  containing  2%  SDS  and  separated 
under  reducing  conditions.  Lanes  1  and  4:  non- 
infiltrated  control  leaf  extract;  lanes  2,  3,  5,  and  6: 
vector-infiltrated  leaf  extracts  made  from  two 
independent  infiltration  events;  and  lane  7:  the 
dialyzed  aqueous  fraction  of  infiltrated  leaf 
proteins  prepared  by  6M  guanidine  buffer 

564  extraction.  Asterisks  indicate  the  bands  corresponding  to  rAH  (Mw:  12.5  kDa).  Efficient 

565  extraction  of  gpl 20-binding  rAH  required  a  buffer  containing  a  chaotropic  agent  such  as  SDS  or 

566  guanidine  HCI.  The  fraction  contains  apparent  multimers  of  rAH  (Lanes  5  and  6).  These 

567  aggregates  are  largely  absent  after  dialysis,  while  the  monomer  protein  stays  soluble  (Lane  7). 

568  See  text  for  detail. 
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Figure  6.  Activity  analysis  of  N. 
benthamiana-expressed  rAH.  (A)  The 

gpl  20-binding  capacity  of  rAH  expressed  in 
N.  benthamiana  was  evaluated  by  gpl  20- 
ELISA  using  AH-expressing  and  control 
(uninfilatrated)  leaf  extracts  prepared  as 
described  in  Materials  and  Methods.  Results 
of  a  representative  sample  obtained  from  a 
~2  g  batch  of  leaf  materials  are  shown.  Data 
points  are  the  means  ±  SD  of  triplicate 
analysis.  This  analysis  was  also  used  to 
determine  the  quantity  of  rAH  in  the  extract 
based  on  a  standard  curve  created  by 
actinomycete-derived  purified  AH.  (B)  X-gal 
staining  of  syncytia  formation  by  HeLa/Env/tat 
and  HeLa/CD4/LacZ.  The  two  cell  lines  were 
incubated  for  18  h  at  37°C  with:  a,  media 
alone;  b,  1/20-diluted  non-infiltrated  control 
leaf  sample;  c,  1  pM  actinomycete-derived 
AH;  and  d,  1/20-diluted  rAH-expressing  leaf 


590  sample  (containing  approximately  0.32  pM,  or 
4.0  pg/ml,  of  rAH,  as  determined  by  gp120-ELISA).  (C)  Quantitative  analysis  of  syncytia 
formation  by  HeLa/Env/tat  and  HeLa/CD4/LacZ.  The  two  cell  lines  were  incubated  for  18  h  at 
37°C  with  serially  diluted  control  or  rAH-expressing  leaf  samples.  See  Materials  and  Methods 
for  the  assay  detail.  Differences  between  the  samples  at  each  dilution  point  were  evaluated  by 
two-way  analysis  of  variance  followed  by  Bonferroni  posttests  (***  p  <  0.001). 
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